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ABSTRACT 
Positron annihilation in various materials has been applied to characterize 
microstructure for decades. In this work, PALS was used to study material nanostructure, 
with a focus on the size and density of free volume and hole relaxation properties in 
polycarbonate (PC) and polymethylmethacrylate (PMMA); fundamental studies of 
polarized positron interaction with chiral crystals were also studied. 
Free volume relaxation in PC and PMMA with different levels of simple shear 
orientation was studied by PALS. Effects of applied pressure on the free volume recovery 
were evaluated. Combining the bulk- and pressure-dependent PALS analyses, the 
removal of applied pressure led to free-volume relaxation in all samples studied. The 
alignment of the polymer chains and free-volume holes imposes molecular restrictions on 
the molecular mobility of both PC and PMMA in their glassy states. Results indicated 
that the relaxation of the free volume holes at temperatures below glass transition is 
mostly reversible. 
 
Longitudinally polarized positron particles were used to reveal asymmetric 
interactions in chiral quartz crystals. Experimental results showed a significant intensity 
iv 
 
difference in free positronium annihilation for left handed (LH) and right handed (RH) 
chiral quartz crystals. Doppler broadening energy spectra (DBES) of z-cut LH or RH 
quartz disks at different angles were also measured by an “S parameter” to probe the 
observed difference. It was found that obtained annihilation energy difference of DBES 
was in agreement with the result of positron annihilation in bulk chiral crystals. 
PALS was used to compare different orientations and confirm asymmetric 
interactions in natural versus synthetic quartz LH and RH crystals in z and non-z 
orientations. Significant lifetime and intensity differences in free positronium annihilation 
for LH and RH quartz crystals were observed. The trend was found to be same in the 
related crystallographic orientations of the LH or RH crystals; the direction of incident 
positrons, z or non-z, did not affect the observed differences in lifetime and intensity 
trends. The results confirmed the existence of differential interactions of positronium 
with the asymmetric lattice structures of LH and RH quartz crystals. 
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 CHAPTER 1 
INTRODUCTION 
 
1.1 The objectives of this work 
Positron annihilation spectroscopy (PAS) is a unique, non-destructive technique 
used to study the electronic and defect environment of materials. When positron and 
electron annihilate each other, γ radiation is released that can be detected and used to 
measure the free volume (0.1 to 1 nm) and void volume (1 to 100 nm) in bulk samples 
[1], as well as profile surface properties up to 10 microns deep using beam techniques. 
The various time scales associated with the different ways in which positrons will 
annihilate are measured and compared to investigate the space between polymer chains or 
void volumes [2]. 
The first object of this work is to study the free volume property in glassy 
polymers using PAS. It is well known that polymers are not in their equilibrium state at 
temperatures below the glass transition (Tg). During the formation of glassy polymers, the 
super cooled liquid with high internal energy is typically frozen into a non-equilibrium 
state. The mismatch between the polymer chain relaxation and supercooling rate leads to 
the entrapment of unoccupied volume in the polymers, such as the formation of free 
volume holes [3]. Free volume in polymers is generally thermodynamically unstable and 
tends to decrease as polymers age. At temperatures above α relaxation, long-range micro-
 2 
 
 
 
Brownian motion becomes possible, and the free volume is more sensitive to the change 
in temperature. 
Figure 1.1 shows the free volume temperature variation of thick polystyrene (PS) 
film represented by the difference between the total volume (Vt, solid line) and occupied 
volume (V0, dashed line) [2]. At temperatures below the main chain α relaxation or Tg, 
only local conformational changes are allowed, and the fraction of free volume (the ratio 
of free volume to total volume, which includes both the actual molecular volume and free 
volume) is relatively small and remains rather constant with the change in temperature 
[4]. This work will try to explain the correlation between molecular orientation and the 
relaxation of free volume holes both under stress and without the stress; it will also help 
us to understand the micro-crack initiation and growth in oriented polymers for both 
structural and high strain rate applications. 
 
Figure 1.1.  A schematic diagram of free volume (Vf ). Solid line: Vt; dashed line: 
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V0, βg is slope of PS in glassy state, βr is the slope of PS in rubbery state. 
The second object of this work is to expand upon the small amount of research 
that currently exists regarding the interaction between beta radiation and chiral crystals. 
There has been a lot of interest in the interaction of β particles with chiral substances in 
the past 40 years [5]. The property of chirality is a structural phenomenon especially 
associated with life science. Much work has been done to investigate possible 
interactions of energy or particles with chiral substances since the discovery of chirality 
[6].  
 
 
Figure 1.2.  Positrons interact with lattice structures of synthetic quartz. 
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The use of β radiation in asymmetric recrystallization has also turned up 
inconclusive results that could use further study [7]. Recently, we have seen a difference 
in the interaction of polarized positrons with the two chiral forms of quartz crystals [8]. 
Figure 1.2 illustrates positron possible interaction with lattice structures of natural quartz 
in non-z orientation. The aim of this part is to establish for the first time that crystalline 
quartz exhibit differences in both z and non-z directions of natural and synthetic quartz 
under PAS and other analytical techniques [9]. 
 
1.2 Positron and positronium chemistry 
In 1928, Paul Dirac predicted the existence of an anti-matter particle (positron) 
from the negative energy solution of the Dirac equation, and that anti-particle should 
have the identical mass as an electron with opposite charge [10]. Few years later, Carl 
Anderson experimentally discovered the positron particle; He observed cosmic rays 
passing through a cloud chamber and a lead plate; the particle tracks, under a magnetic 
field, showed a curvature matching the mass to charge ratio of an electron but moving in 
an opposite direction [11]. Positronium (Ps) is a quasi-stable neutral bound state 
consisting of electron and its anti-particle, the positron. Its existence was theoretically 
predicted in early work and experimentally discovered by Deutsch, et al. [12]. 
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Figure 1.3.  Positron interactions with matter. 
 
1.2.1 Positron 
When an incident positron interacts with the condensed material, it either 
backscatters on the surface or implants into the target. The implanted positron will then 
thermalize, diffuse through the material until it is trapped in free volume and annihilate. 
Normally the timescale of thermalization occurs in the range of a few picoseconds. The 
diffusion time of positron in material is typically up to a few hundred nanometers before 
its annihilation. The electron density of trapping site in the material dominates the overall 
lifetime of positron [13]. Figure 1.3 illustrates positron interactions with matter. 
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1.2.1.1 Thermalization  
The initial kinetic energy of positron from a radionuclide source (e.g. 22Na) into a 
sample is approximately 200 keV [14]. Energy is lost during thermalization via various 
mechanisms that are influenced by the preliminary energy and the material. At high 
energies (≥ 100 keV), when the positron encounters core or valence electrons, the energy 
loss is caused by elastic scattering or inelastic electron scattering [15]; at lower energies 
(< 100 keV), the energy loss is mainly affected by the material, for an example, in 
semiconductor materials, the excitation of electron-hole pairs dominates whereas in 
metals, conduction electrons are excited [16]. 
 
1.2.1.2 Implantation 
Implanted positrons from 22Na source travel into a sample with a depth that 
depends on the kinetic energy of the positron and material density. For a collimated 
beam, the probability of a positron arriving into the sample with a depth z can be 
expressions by following equations [17], 
P(z) = exp(-αz)                 (1.1) 
α = 17ρ∗ 𝐸𝑚𝑎𝑥
−1.43               (1.2) 
where α is the absorption coefficient (cm-1), ρ is the solid density (g cm-3) and Emax is the 
maximum positron energy (MeV). 
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In beam experiments, mono-energetic positrons with varying energies are 
implanted in materials, and the implantation profile presents a relationship between the 
probability of a positron arriving into the sample P(z) and reaching depth (z) at different 
positron energies. Normally, increasing the energy gives a larger mean implantation 
depth with a broader (z) distribution [18]. 
 
1.2.1.3 Diffusion 
In the diffusion step, the behavior of the positron depends on electrostatic 
interactions with the material lattice [19]. The positron is repelled by the nuclei with a 
positive charge in the material lattice. The diffusion of positrons can be expressed as in 
the equation [15], 
𝜕
𝜕𝑡
𝑛(𝑟, 𝑡) = 𝐷+∇
2𝑛(𝑟,⃗⃗⃗ 𝑡) − 𝜆𝐵𝑛(𝑟, 𝑡)         (1.3) 
where n (r, t) is the positron density, D+ is the diffusion coefficient and λB is the 
annihilation rate in the bulk sample. This approach for positron diffusion is based two 
postulates:  the sample length has to be greater than the mean free path of scattering and 
positron scattering must be isotropic and quasi-elastic [20]. The length of positron 
diffusion in metals can reach approximately 100 nm while the average free-path is around 
10 nm at room temperature [21]. 
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1.2.2 Positronium (Ps) 
The mass of positronium (Ps) is 1.022 MeV and the ground state of positronium is 
analogous to hydrogen. In Table 1.1, the positron functions as the proton in the hydrogen 
atom and other parameters between hydrogen and Ps are comparable. Similar to the 
magnetism of positron-electron pair, the positronium has two possible configurations 
depending on the relative orientations of the spins of the positron-electron pair: para-
positronium (p-Ps, S = 0 state), which is derived from the antiparallel spin combination, 
and ortho-positronium (o-Ps, S = 1 state), which is derived from the parallel spin 
combination. The antiparallel singlet state and the parallel triplet state are formed in the 
ratio 1:3. Therefore, three-γ annihilation is more abundant for Ps than for free positron 
and the annihilation of Ps occurs via three photons to conserve spin angular momentum 
in the vacuum. 
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Table 1.1.  Comparison of H atom and positronium (Ps). 
 H atom Positronium (Ps). 
 
Schematic 
 
Proton
e-
+
 
 
e+
e-
 
Atomic mass (amu) 1.00794 0.00110 
Size, (r) 1.5 a0 (radius) 3 a0 (diameter) 
Ionization energy 13.598 eV  0.5 a.u. 6.803 eV = 0.25 a.u. 
Spin states J = 0 (para), J = 1 (ortho) S = 0 (para), S = 1 (ortho) 
Magnetism paramagnetic diamagnetic 
Lifetime  125 ps (para), 142 ns (ortho) 
 
 
The singlet state, 1S0, with antiparallel spins (S = 0, Ms = 0) has a mean lifetime of 
0.125 ns and emits two γ photons with energy of 511 keV each (in the center of mass 
frame) [13, 22]. The location of the decay can be determined by detecting the photons. 
The triplet state, 3S1, with parallel spins (S = 1, Ms = −1, 0, 1 ) preferentially decays into 
three γ photons with an intrinsically longer lifetime of 142 ns [23]. Figure 1.4 shows 
different annihilation pathways for positron and positronium. 
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Figure 1.4.  Different annihilation models for positron and positronium. 
 
1.2.3 Positronium chemistry 
The mechanism of positronium formation in condensed matter is not well 
established; several models have been proposed to apply in various materials, including 
the “Spur model”, “Ore model” and “free volume model” [24-26]. In this work, the free 
volume model has been used to study the material structure. The free volume represents 
open space between molecules with a certain size (micro voids or large vacancy clusters). 
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Positronium formation can occur in free volume by picking up an electron from the 
surface of the free volume. Normally it is hard to generate positronium in either metals or 
semiconductors due to insufficiently large free volume defects, whereas Ps can form in 
condensed matter if the electron density is low. In some cases, positrons can disperse 
back to the surface of the material and form positronium due to low electron density near 
the surface [27]. While theoretically and physically possible, other modes of Ps decay are 
typically negligible. 
The inhibition and quenching are two other processes in positronium chemistry 
that reduce the formation of Ps and shorten the lifetime of Ps, respectively. As mentioned 
before, the mean lifetime of free o-Ps before three-γ annihilation is around 142 ns. 
Actually, in condensed matter, the real lifetime of o-Ps is much less than this value due to 
multiple quenching processes as follows [28-30]:  
(a) Para-ortho positronium exchange. A spin conversion from para-positronium 
to ortho-positronium and vice versa can occur under the effect of paramagnetic particles. 
(b) Pick-off annihilation. In condensed matter, o-Ps will annihilate when a 
positron picks up a surrounding electron with antiparallel spin. 
(c) Chemical reactions. The lifetime of Ps will be reduced when Ps reacts with 
ambient substrates; this includes addition, oxidation, substitution and other reactions. 
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1.3 Positron annihilation spectroscopy 
As mentioned earlier, normally positrons annihilate with electrons, resulting in 
two opposite 511 keV γ rays. The detection and analysis of these annihilation events is 
the major task of positron annihilation spectroscopy (PAS) techniques, and PAS can be 
generally classified into three types:  positron annihilation lifetime spectroscopy (PALS) 
measures the positron lifetime; Doppler broadening energy spectroscopy (DBES) and 
angular correlation of annihilation radiation (ACAR) detect the momentum of the 
electron-positron pair when positronium annihilates. 
 
1.3.1 Positron annihilation lifetime spectroscopy 
The lifetime of the positron depends on the electron density in matter environment 
(gas, liquid or solid) that can provide the structural information under submicroscopic 
level. As described earlier, there exist several states of positron and positronium after it 
annihilates: delocalized (free) positron and/or positronium, each state has its unique 
annihilation time τ, which is a function of the electron density at the annihilation site in 
the material. The annihilation rate λ, which is the reciprocal of the positron lifetime τ, can 
be described with the empirical equations [28]: 
rdrnrncr



 )()(
1 2
0            (1.4) 
γ = γ [n-( r

)] = 1 + Δn-/n-                   (1.5) 
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where r0 is the classical radius of electron, c the speed of light, )(rn


 is the positron 
density, )(rn


is the electron density, and r

 is the position vector. The correlation 
function γ [n-( r

)] describes the increase Δn- in the electron density n- due to the Coulomb 
attraction between a positron and an electron. This effect is also known as enhancement. 
When positrons are trapped in the free volume defects, such as voids or vacancies, 
the positron lifetime is greater compared to a defect free sample because of the locally 
accumulated electron density in the defect. Consequently, a positron lifetime component 
becomes longer and therefore can be used to determine the size of the free volume. The 
strength of the lifetime sign, intensity (I), is directly governed by defect concentration. 
Both the positron lifetime and intensity components of the defect can be obtained from 
the lifetime spectrum. 
A typical PAL spectrum is composed of the lifetime and intensity components of 
positronium from the creation to annihilation. The lifetime τi and intensity Ii of the 
exponential components in the PAL spectrum can be extracted by deconvolution, 
background subtraction and non-linear fitting ( For more detailed information, refer to 
Chapter 2). Computer programs based on Gauss-Newton nonlinear fitting routines are 
available for the decomposition of the spectra [32, 33]. The time dependent positron 
decay spectrum D(t) in the material can be expressed by:  




n
i i
i
tt
ItD
1
0 )exp()(

            (1.5) 
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where n is the number of exponential terms in the spectrum, τi and Ii represent the 
individual lifetime and intensity respectively. The spectrum differs from the analytical 
description of the convolution with the time resolution function. The spectrum shifts on 
the time scale by a delay cable to time zero, t0.  
In this dissertation, PALS experiments are normally carried out using a positron 
source sandwiched between two identical material sample (some sources were directly 
deposited on the sample surface). The source isotopically emits positrons into the bulk of 
the material. As mentioned earlier, the positron rapidly thermalizes, diffuses and finally 
annihilates with an electron. PALS is a timing experiment that measures the intervals 
between the birth of the positron and its annihilation and reflects the nature of the 
environment where the annihilation occurred. The selection of detectors and associated 
electronic modules targets the optimization of the timing resolution of the system. 
Detected events are saved in the form of a histogram that is analyzed later to extract the 
exponential components. 
 
1.3.2 Doppler broadening energy spectroscopy (“S” parameter) 
During the process of positron annihilation, the momentum of electron-positron 
pair, transmits to the photon pair. Since abundant annihilation events are measured to 
present the complete Doppler spectrum, the energy line is broadened due to the individual 
Doppler shifts along the annihilation direction because of momentum conservation; this 
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effect is utilized in DBES to yield information on the electron momentum distribution in 
the material [34]. 
Figure 1.5 is a sketch of DBE spectrum displaying typical domains and shape 
parameters, S (“shape”, red) and W (“wing”, blue), which are presented in the form of 
ratios to the equivalent values from defect free samples:  S / Sref and W / Wref [35]. DBES 
is used to measure the energy width of the γ annihilation closed to 511 keV. In the DBES 
spectrum, different positron states have corresponding Doppler shifts in the energy 
distribution. 
 
Figure 1.5.  Sketch of Doppler broadening spectrum with typical domains for S (“shape”, 
red) and W (“wing”, blue) line shape parameters. 
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During the annihilation process, the momentum conservation provides a tool to 
probe the electron distribution in the electron structure in the momentum space of matter. 
In lattice of the condensed matter, the effect of the localization of positrons enables the 
study of both the bulk material structure and the free volume defects [36, 37]. DBES can 
be coupled with a monoenergetic slow positron beam, which has controllable energy and 
narrow energy width, to allow nondestructive measurements for various defect-related 
problems. In the second part of this work, DBES, as well as the slow positron beam, has 
been used as a powerful tool to investigate defects and lattice structure in crystalline 
crystals [38-40]. Due to the low energy resolution of DBES, another PAS technique, 
angular correlation of annihilation radiation (ACAR), was utilized to investigate electron 
structure. 
 
1.3.3 Angular correlation of annihilation radiation  
ACAR is a technique in solid-state physics used to investigate electronic structure 
in the matter. Implanted positrons annihilate with surrounding electrons in the sample. 
Two γ photons are emitted in opposite directions, in the reference frame of the electron-
positron pair. In the laboratory frame, the ACAR measures the deviation from anti-
collinearity of these two coincident γ rays caused by the momentum of the electron [41]. 
Therefore measuring the ACAR gives information about the momentum distribution of 
the electrons in the condensed material. 
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In 1942, Montgomery and Beringer made the earliest accurate measurements of 
angular correlation [42]. In order to get a required angular resolution, a large source to 
detector distance in ACAR is necessary to measure very small angles (in a range of 0.5 to 
1 mrad), typically from 3 to 10 m, consequently, strong sources are required [13, 43]. 
Figure 1.6 gives a schematic diagram of a one-dimensional ACAR apparatus, two single 
detectors are applied and one is movable with respect to another.  
A typical two dimensional (2D) ACAR utilizes two stationary arrays of detectors 
set on each side of the sample that record coincident events, the spatial position of the 
events on the two detector arrays are then stored. The technique of 2D ACAR is capable 
of distinguishing anisotropic features of electron momentum distributions associated with 
vacancy defects [44]. Typically, it is used to investigate the electronic structure of 
materials [45-48]. The advantage of the momentum techniques (DBES and ACAR) is 
their higher sensitivity to the chemical environment of the annihilation site compared to 
PALS. This is attributed to the momentum distribution phenomena being more affected 
by the surrounding chemical function groups than by the electron densities in the 
annihilation sites. 
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Figure 1.6.  A schematic diagram of a typical angular correlation of annihilation 
radiation. 
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CHAPTER 2 
EXPERIMENTAL 
 
2.1 General 
The positron annihilation lifetime in a gas, liquid or solid depends on its spin state 
and the surrounding electronic environment; this lifetime provides information about the 
submicroscopic nature of the sample. The behavior of positrons in molecules or 
condensed matter is of importance because of the intense relation between electrons and 
positrons. The positron attracts electrons in the condensed sample and the lifetime of 
positron is a function of the electron density at the annihilation site. For defects in 
amorphous material, PAS coupled with slow beam has been widely used to study the 
depth profiles and free volume. For low defect chiral crystalline solids, how polarized 
positron interacts with the chiral structures is less well studied. 
 
2.2 Positron annihilation lifetime spectroscopy (PALS) 
2.2.1 Positron source 
The positron, the antiparticle of the electron, is common due to its low mass and it 
can be detected in natural world, like in cosmic rays. The most common positron sources 
are both artificial and natural: the decay of radioactive isotopes and the pair-production 
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from particle accelerators. The β+ decays of radioactive isotopes naturally produce 
positrons; electron-positron pairs can be created by high energy of photon (γ) interactions 
with matter, the interaction of 𝛾 photons with matter. 
 
2.2.1.1 Radioactive isotopes 
In the PALS experiment, positrons can be generated from a long half-life 
radioactive isotope as a β+ decay reaction: 
22Na → 22Ne + 𝛽+ + νe+𝛾         (2.1) 
The 22Na was chosen as an  appropriate radioactive isotope over other positron 
sources:  (a) Figure 2.1 shows the decay scheme of the 22Na, the isotope gives has a high 
yield (~ 90.4%) of positrons and the emission of a γ photon is nearly simultaneous with 
the appearance of the positron which enables convenient timing signals when detected by 
a coincidence spectrometer; (b) the 22Na radionuclide has a relatively long half-life (~ 2.6 
y) and it has good solubility in aqueous solution (NaCl, CH3COONa, etc.) which allow 
for simple operation, long term use, and easy cleaning when contamination occurs; (c) 
positrons can also be obtained from other isotopes (40K, 58Co, etc.) but are less common 
due to lower half-life or complex manufacturing processes [1]. For the PAS technique, 
normally isotopes are used to generate positrons. 
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Figure 2.1.  Decay scheme of 22Na. The emission of positron and electron neutrino to the 
excited state of 22Ne comprises up to 90.4% of the decay, and the excited state 22Ne then 
reaches the ground state by an emission of 1.274 MeV γ-quantum. Direct transition and 
electron capture (EC) to the Ne ground state occurs with lower probabilities of 0.1 % and 
9.5%, respectively. 
 
2.2.1.2 Pair production  
An alternative way for generating strong positron sources is from high-energy 
photons by pair production [2], which gives off a continuous positron beam, with strong 
intensity in some beam systems. The energy of positron can be converted to its mass by 
Einstein’s mass-energy equation: 
E = m × c2         (2.2) 
 28 
 
 
 
where E is the energy, m is the mass and c is the light speed. In the pair production, an 
electron beam enters an absorber of high atomic number that creates bremsstrahlung γ-
rays, the γ photon energy can then be converted into a positron-electron pair if γ is close 
to an atomic nucleus: 
γ → 𝑒+ + 𝑒 -         (2.3) 
In Eq. 2.3, the γ ray will have equal or greater energy than the summation of energies of 
resultant electron and positron according to conservation of energy (2 × 511 keV = 1.022 
MeV, Figure 2.2). For positron-electron pair production, emitted particles are 
accompanied by a 1.275 MeV photon [3]. Moreover, positrons can also be obtained from 
nuclear reaction to generation electron–positron pairs. 
 
 
Figure 2.2.  Diagram of electron-positron pair production.  
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2.2.1.3 Source for PAS 
Conventional PALS and DBES experiments only need a weak activity of positron 
sources. Normally an intensity (depends on dose amount) as low as 30 µCi is adequate to 
penetrate into a target material. The positron source is sealed between either thin metals 
(Al, Ni thin foil) or polymer films (Kapton®) or directly deposited on the samples after 
evaporation of the solution containing 22NaCl salt as shown in Figure 2.3. 
 
 
Figure 2.3.  Two methods for positron source interaction with samples. 
 
For the sealed source preparation, the film should be fixed between identical 
specimen pairs and a minimum sample thickness is required to achieve complete 
containment of positrons within the sample. Various components of the isotope and 
thickness of the film partially influence the pathway of positrons, either by backscattering 
or passing through the source. Consequently about 2%- 20% of the positrons annihilates 
in the source and foil material in a sealed source.  
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For the directly deposited source (open source), the liquid isotope can be directly 
deposited on the surface of sample. One advantage of directly deposited is source 
modification of source intensities by changing the amount source dose depending on 
experimental requirements. Also, it eliminates the contribution of positron annihilation 
from the foil material and no source correction need be considered during data analysis. 
The drawback of this method is the increased risk of contamination from an open source 
and the samples are generally not available for reuse. 
 
2.2.2 PALS instrumental setup 
Elucidating how positrons interact with matter is an essential goal to determine 
the physical and chemistry properties in the material. The positron annihilation lifetime 
depends on diverse electronic environments. A standard scheme of fast-fast coincidence 
PALS instrumental setup is shown in Figure 2.4, which consists of several major 
components: the isotope is sandwiched between two samples, high voltage power supply 
(HV), scintillator, photomultiplier tube (PMT), constant fraction discriminator (CFD), 
time delay, time-amplitude converter (TAC), analogue digital converter (ADC), 
multichannel analyzer (MCA),  and final computer interface. 
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Figure 2.4.  Scheme of a positron lifetime spectroscopy setup. 
 
2.2.2.1 Scintillator and PMT 
In the scheme of the positron lifetime measurement, in order to get a high time 
resolution, a scintillator is coupled to a PMT with a short pulse rise-time, which forms a 
scintillation detector. BaF2 and plastic materials are widely used as scintillators in PALS 
studies with the excellent timing performance for BaF2 and extremely fast decay times 
for plastic scintillators [4]. The scintillator exhibits light pulses when excited by radiation 
or energy from incident photons because of its luminescence properties. The light emitted 
from the scintillator is then absorbed by a PMT, and reemitted in the form of electrons 
through the photoelectric effect and secondary emission.  
 32 
 
 
 
In the PALS setup, high voltage (1500 - 2400 V) is applied to the PMT and the 
electron accelerates to the dynode to yield more electrons by secondary emission under 
applied potential, repeating this process in the PMT results in multiplication of those 
photo-electrons and forms the output electrical pulse [5]. The signal is recorded and 
generates useful information regarding the particle that originally collided with the 
scintillator. In the PAS experiment, the scintillator should be close to the samples and 
source. Sometimes, special conditions like a vacuum environment, high pressure or 
thermal control are required for the sample, and the position of scintillators and PMTs 
should to be placed as well as possible to avoid a large reduction of the counting rate [6]. 
 
2.2.2.2 CFD, TAC and delay 
The constant fraction discriminator (CFD) is an electronic device designed to 
suppress noise and yield timing pulses which corresponds to the arrival time of the input 
pulse. CFD ensures stable time markers to be relevant to the pulse height as well as 
accepts different input pulses by adjusting the energy window [7].  
In positron annihilation lifetime measurements, the input pulses generated from 
scintillator and PMT are typical input signals for the CFD, which have identical rise 
times that are much longer than the requested time resolution. For PALS experiment, 
discrimination is attained by setting lower and upper voltage thresholds in two 
potentiometer devices to accept the 0.511 MeV and 1.274 MeV quanta in applicable 
channels. 
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The time-to-amplitude converter (TAC) is a unit to measure an accurate time 
interval between the start and stop input pulses and to generate an analog output pulse 
that is proportional to the measured time [8]. The linear charging of a capacitor in the 
TAC is controlled by the timing signals: the arrival of a start pulse initiates the charging 
and the arrival of a stop pulse terminates the charging of the capacitor. Constant charging 
ceases at the arrival of the stop signal to guarantee time linearity. In positron lifetime 
experiments, a selectable time range from10 ns to 2 ms is available to provide more 
flexibility in analyzing γ-quantum annihilation events in various materials. The stop 
signal can be delayed with different lengths of RG58/U cable (approximately 5 ns/m) to 
shift the time spectrum into a linear region of the TAC [9]. The spectrum is then stored in 
the memory of a multichannel analyzer (MCA). 
 
2.2.2.3 ADC and MCA 
In order to determine the amplitude of input pulse, an analogue to digital 
converter (ADC) is set to convert analog signals into digital signals that are proportional 
to the amplitude of the voltage or current. Once the input signal is detected and the 
amplitude is beyond a certain voltage limit, a capacitor is charged to reach the voltage of 
the input signal and subsequently the capacitor is linearly and slowly discharged. The 
utilized time for charging and discharging is proportional to the amplitude of the input 
signal and an oscillator generates an output stream of pulses [10]. 
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After the analogue-to-digital conversion, the input signal consisting of pulses 
from the digitized TAC is analyzed by an electronic unit, the MCA, which analyzes a 
stream of pulses and identifies the channel number where the positron annihilation event 
is recorded [11]. In the PALS study, typically a channel number from 512 to 8096 is 
selectable that represents timescale, and the spectrum gives a histogram of counts against 
channel numbers. For statistical purposes, more than 1 million counts of annihilation 
events in a region of interest are saved to obtain a complete positron lifetime spectrum, 
which can be displayed on PC and analyzed by various software routine. 
 
2.2.3 Data analysis 
The lifetime spectrum generated from the spectroscopy records a distribution of 
all annihilation events of positron and positronium and is composed of overlapped 
decaying exponentials. The information of three components in a spectrum can be 
extracted:  (a) positron state information which reflect exponential decays within the 
samples and radioactive source; (b) a resolution function can be obtained using an 
assumed number of Gaussian distribution functions ( in this work, system has channel 
resolution of < 300 ps); (c) a background noise contribution that can be subtracted by 
analysis of the spectrum tail. Two general approaches are applied to the experimental 
data analysis of positron annihilation: the convolution of a normalized spectrum with 
instrument functions to construct a theoretical mathematical model that is compared with 
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the experimental results; another method is the deconvolution of experimental results 
using the instrumental parameters to distinguish the lifetime contributions. 
Computer programs based on these two algorithms have been broadly used to 
extract lifetime and intensity information from the deconvolution of raw spectra. Three 
major programs are implemented in this dissertation to analyze data: PATFIT [12] uses 
the first approach with a non-linear least square method to give discrete components. In 
contrast, MELT [13] and LT [14] provide a continuous probability distribution for 
annihilation lifetimes and intensities using statistical methods. Both approaches are 
widely used in the analysis of polymers that contain larger free volumes sizes and 
mesoporous voids. 
 
2.2.3.1 PATFIT 
RESOLUTION [15] and PLTAS [16] are two programs in PATFIT that fit spectra 
consisting of several lifetime and intensity components. The RESOLUTION routine is 
used to get the appropriate spectroscopic resolution, typically applying one to three 
Gaussian distribution functions. Those function parameters of each exponential 
components can be extracted by a constrained least-squares analysis: deconvolution, 
source correction and a semilinear fitting. The resulting estimate can be expressed with 
the semiempirical formula: 
𝑁(𝑡) =  ∑ 𝐼𝑖𝜆𝑖𝑒
−𝑡𝑖𝜆𝑖   𝑛
1          (2.4) 
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where the model equation can be represented as the convolution Ii and λi, which are the ith 
intensity and annihilation rate of positron (or positronium), respectively. Several 
components have to be fixed to better extract a resolution function within the material. 
Figure 2.5 gives a sample spectrum of polycarbonate with three typical lifetime 
components. Lifetimes can be derived as a linear fitted line in the diagram of summed 
exponentials or deconvoluted lifetime components; the areas under the curve represent 
the intensities of lifetime components. After a calibration of the PAS system, each 
component in a resulting spectrum can be related to the physical state of  the positron 
annihilation. 
 
 
Figure 2.5.  A PALS diagram of polycarbonate fitted using PATFIT. 
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The program PLTAS works with two iterative statistical process of non-linear 
least squares fitting: the raw data can be fitted with a predicted number of components 
and an initial unshaped spectrum is formed. Then, a series of lifetimes with 
corresponding intensities is created from the raw data after source correction. A second 
cycle of fitting might be necessary to determine the resulting spectrum until the variance 
of fit gets close to ideal. In the second cycle, the spectrum can be either fitted with the 
same parameters as in the first cycle or modifying the number of lifetime components, 
data block used, or background range. The result is recorded in a text file as a block of 
fitting parameters and lifetime/intensity results. Some constraints in the input such as 
source corrections or fixed lifetimes or intensities may also be applied in some specific 
analyses. 
 
2.2.3.2 Source correction 
For the analysis of PAS, a source correction is essential for spectral evaluation; 
this fraction must be thoroughly determined and subtracted. Background subtraction is a 
method defined as a subtracting the characteristic lifetime spectrum from the contribution 
of radioactive source [12]. The determination of this source spectrum is usually carried 
out by running defect-free samples such as Kapton® film, which possesses a single 
lifetime component to obtain the best fit. The source components are varied depending on 
different foil materials used to contain the source. 
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In order to reduce the effect created from a sealed source, the isotope can be 
directly deposited on a sample surface. The disadvantage of this operation is risk of 
radioactive contamination from samples. 
 
2.2.3.3 MELT  
The MELT (Maximum Entropy for Lifetime Analysis) program is executed in 
MATLAB for analysis of positron lifetime spectra. Compared with PATFIT, MELT 
applies the method of maximum entropy using linear filtering to the resolve problem 
through the Bayes principle [17]. This program is useful when dealing with a continuous 
distribution of lifetimes and provides an alternative method over the discrete non-linear 
least squares programs:  (a) predetermination of the number of lifetime components is not 
required to preset and is automatically determined, which is an advantage for a spectrum 
with multiple lifetime components; (b) the negative intensity values occasionally come 
out in PATFIT disappear in MELT [18]; (c) and essentially, MELT can be also applied to 
discrete lifetime spectra. The output graph exhibiting the probability (intensity) versus 
lifetime and the same lifetimes can be obtained from the decomposition by a non-linear 
fit method after the resolution function is taken into account. Due to its continuous 
distribution property, MELT has found a wide application in positron lifetime analysis of 
polymers and porous materials compared to semiconductors or other “hard” materials. 
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2.2.3.4 LT 
The LT program has been designed in the DELPHI programming language and 
enables the user to analyze both discrete and continuous lifetime components as well as 
mixed spectrum (partially linear and partially continuous). LT also has other features: (a) 
user can fix number of channels in a spectrum; (2) it is possible to fit full width half-
maximum (FWHM) by several Gaussians. 
The LT program can reduce the number of free parameters due to two most 
important features: (a) multiple spectra analysis; (b) parameter statuses that define 
different kinds of constrain imposed on the parameters during the analysis [19]. 
Analyzing multiple spectra simultaneously has an advantage to confirm some common 
values for default parameters. Such a processing makes the resultant data from analysis of 
PALS more reliable and consistent since some parameters are constant throughout many 
different spectra. 
 
2.3 DBES (Doppler-broadening energy spectroscopy) 
A slow positron beam with an automatic control system and software was 
developed and constructed to study the free volume characterization of polymeric 
material at the University of Missouri-Kansas City. During the annihilation of a positron-
electron pair, two γ photons are emitted in opposite directions. However, in this process, 
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the energy of the two γ photons are not exactly equal to 511 keV because of a Doppler 
shift. This shift can be referred to the equation [20]: 
𝐸 =  𝑚0𝑐
2  ±  
𝑐𝑝
2
         (2.5) 
where m0 represents the mass of photon (positron or electron), c is lightspeed and p is the 
positron-electron pair momentum; the second term in the equation gives the energy of the 
Doppler shift. 
 
 
Figure 2.6.  A scheme of Doppler-broadening spectroscopy. 
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An experimental setup for DBES is shown in Figure 2.6. The energy distribution 
of the positron-electron pair annihilation is observed using a high-purity germanium 
(HPGe) detector cooled with liquid nitrogen. The signal generated from the HPGe is 
processed by a preamplifier built into the detector, and a spectroscopy amplifier generates 
a pulse for the subsequent digitally stabilized ADC. Finally, the annihilation event is 
recorded in the memory of the MCA and processed in a computer. 
 
2.3.1 Positron source for DBES 
In contrast to PALS, stronger sources are required to study the momentum 
distribution in the DBES technique. The source capsules of intensity up 400 mCi are 
commercially available, and similar source can also be prepared in the laboratory to 
obtain various intensities [21]. Additionally, for Doppler-broadening spectroscopy 
measurements, radiation protection is more important compared to PASL that uses 
weaker foiled or directly deposited sources. For high intensity sources, an unflawed lead 
shielding arrangement is necessary to have full radiation protection. 
 
2.3.2 S-parameter 
DBES provides the momentum distribution of positron annihilation; to evaluate 
this distribution, an S parameter can be derived from the spectrum [22]. The analysis of 
DBES is simplified by the use of the S and W parameters. The definition of S parameter 
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is the ratio of the center momentum part to the total counts below the whole curve after 
subtracting the background: 
𝑆 =  ∑ 𝑁(𝐸𝑖)
𝐸2
𝐸1
/ ∑ 𝑁(𝐸𝑖)
𝐸∞
𝐸0
      (2.6) 
in this expression (Eq.2.6), E1 and E2 are start and stop energy, respectively, for the 
central part and can be determined from calibration using a standard sample with known 
S value (e.g., a silicon crystal). 
 
Figure 2.7.  A sketch of DBES from positron annihilation near 511 keV. 
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A typical DBES spectrum of two γ positron annihilation is shown in Figure 2.7; in 
the diagram, the left and right side are almost symmetrical to the central part. The shape 
parameter (S) quantifies the fraction of low momentum annihilation events, which is 
attributed to positron annihilation with free conduction valence electrons in the sample 
[23].  
In the spectrum, the two side parts of the curve (wing regions) are ascribed to the 
positron annihilation fraction at high momentum and provide information on annihilation 
with inner core electrons and related to another parameter, W [24]. The two parameters, S 
and W, are normalized with respect to the total counts in the spectrum [25]. Since any 
changes of low momentum electron density will be reflected in the W parameter, it been 
widely used for the study of lattice defects in alloys due to its sensitivity to chemical 
environments at the annihilation site. The more detailed information of W parameter can 
be found in other work [26]. 
When a positron is trapped in a vacancy defect, its overlap with energetic core 
electron decreases and the momentum distribution in the spectrum narrows, thus, an 
increase of S parameter indicates presence of defects in the material since S parameter is 
sensitive to the high momentum electron density in local electronic environment. The S 
parameter, combined with PALS has been extensively applied to probe the depth profile 
and free volume in polymeric materials from the surface to about 10 µm depth. 
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2.3.3 Experimental conditions 
2.3.3.1 Vacuum system 
Figure 2.8 is the ultrahigh vacuum (UHV) system for DBES. The vacuum system 
can reach 10-8 torr by the installing two pumps on the sample chamber: a turbo molecular 
pump (Ext250, Edwards, Austin, TX) and a cryo pump (cryopump: Cryro-Plex 8; 
Compressor: M125A, Austin Scientific Company, Austin, TX). As can be seen in the 
scheme, the source is isolated from sample chamber by the valve 1 so that the source 
remains in vacuum at all times even we open the chamber to switch samples. Two ion 
gauges monitor the vacuum system: one is close to the source end and the other is 
mounted on the sample chamber. When the turbo pump is running, the thermocouple 
vacuum gauge 1 starts to check the low vacuum level. When vacuum system needs to be 
open, dry nitrogen gas can be delivered to the sample chamber through the valve 4 to get 
rid of any air or moisture (Valve 4). The whole process to change sample includes pause 
and restart OF the vacuum system and high voltage systems. 
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Figure 2.8.  A scheme of ultrahigh vacuum system for DBES. 
 
2.3.3.2 High voltage system 
In DBES, the computer can remotely control the high voltage system and beam 
conditions. Figure 2.9 is a diagram of the control system, a small analog voltage (in a 
range of 0~5 V) from a digital/analog converter (DAC) board can directly change the 
voltage or current output; positron energy in the source side can be supplied by the 
floating high voltage, HV; the current for the correcting coil or focusing coil can also be 
managed by the DAC component. The data-acquiring module is then managed by the 
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MCA, the interface of software Genie2000® comes with the detector and SLOWPOS® is 
a software that can be used to control the hardware, collect and process the data [27]. 
Normally it takes less than 10 minutes to obtain a DBES spectrum with over 2 
million counts to keep the statistical error less than 0.1% for each energy point, 
increasing the HV (in a range of 1800~2200 V) will generate a higher counting rate and 
reduce the data acquisition time. For an example, a spectrum with 30 energy points (in a 
range of 0~15 keV) will be measured in about 5 hours and for each energy point, the 
beam condition, detector status and high voltage need to be checked and preset. In order 
to reduce the experimental time, an integrated software, SLOWPOS® is used to 
automatically acquire and process the data before the spectrum is saved and analyzed  
 
2.3.4 Data acquisition and analysis 
Figure 2.10 is a flowchart of SLOWPOS [27]. The HV preset file and output 
results are in Microsoft Excel format, which can be checked and edited depending on the 
experimental requirements. The MCP component controls the current of focusing coil 
and correcting coil that determine the beam conditions, the current can be also saved in 
Microsoft Excel format and usually it is constrained to be a fixed value. 
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Figure 2.8.  A scheme of high voltage system controlled by computer. 
 
Similar to PALS, the data acquisition system works through the multichannel 
analysis (MCA) module. The energy spectrum of the DBES is taken from the MCA and 
the interface is running under the Genie 2000 Basic software package. 
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Figure 2.10.  A schematic structure of SLOWPOS. 
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CHAPTER 3 
STUDY OF AMORPHOUS POLYMERS USING PALS 
 
3.1 Introduction 
Polymers are large molecules with chains consisting of a large number of 
repeating subunits (or monomers) of identical structure [1, 2]. Natural polymers were 
found and used in early days, while at present many others are synthesized or produced to 
satisfy the ever-increasing demand. With a wide range of properties, both natural and 
synthetic polymers play an essential and ubiquitous role in daily life. Their consequently 
large molecular weight, relative to small molecule compounds, yields some unique 
physical properties. In the defense area, synthetic polymers are particularly well known 
as part of their protective systems like bulletproof vests or windows, and developing and 
optimizing novel lightweight transparent armor with enhanced survivability is critical for 
today's soldiers [3, 4]. 
A good understanding of the material structure and properties of the bulk 
polymers is critical in designing unique structure and compositions in industrial 
applications. One of the hotspots in this area is the study of the relationship between 
macroscopic mechanical properties of polymers (like impact strength or elastic moduli) 
and atomic-scale (a few Angstroms) free-volume structure [5]. The large bulk-area to 
volume in bulk polymer geometry allows one to study elastic and relaxation effects, and 
an explanation of viscoelastic properties in polymeric materials has been proposed 
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relating to free-volume theory, which describes the kinetic and dynamic behavior of 
polymeric molecules and free-volume holes in the matrix [6, 7]. Macro-voids and micro-
voids provide different natural environments for polymer chains due to the affinity of the 
environment to the polymer chain and the morphology of the substrate. From the surface 
interface to the bulk, the interactions decay in strength speedily as the distance between 
molecules increases and these interactions result in the cohesion of the bulk state. From 
the perspective of thermodynamics, chains in bulk polymers adopt any number of 
configurational entropies to reach the minimum free energy and the maximum entropy. 
Polymers are not in their equilibrium state at temperatures below the glass 
transition (Tg). During the formation of glassy polymers, a supercooled liquid with high 
internal energy is typically frozen into a nonequilibrium state. The mismatch between the 
polymer chain relaxation and super-cooling rate leads to the entrapment of unoccupied 
volume in the polymers, i.e., the formation of free-volume holes [8]. Free volume in 
polymers is generally thermodynamically unstable and tends to decrease as polymers age. 
At temperatures above the temperature of α relaxation, long-range micro-Brownian 
motion becomes possible, and the free volume is more sensitive to the change in 
temperature. At temperatures below the temperature of main chain α relaxation or Tg, 
only local conformational changes are allowed, and the fraction of free volume (the ratio 
of free volume to total volume, which includes both the actual molecular volume and free 
volume) is relatively small and remains rather constant with the change in temperature 
(Figure 3.1) [9]. 
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Figure 3.1.  Schematic plot of free volume as a function of temperature, which  
shows the presence of free volume below and above the glass transition temperature. 
Glass transitions due to relaxations of main chain and side chain are referred to as Tg() 
and Tg(), respectively. 
 
In polymeric materials, free volume exists as a distribution of holes or cavities 
that range from about 2 to 20 Å in size. It is worth noting, that since Doolittle proposed 
the free volume concept in the early 1950s [10], the physical parameter has remained 
mostly conceptual in nature, with only limited experimental data available to quantify the 
theory. Detection of the free volume in polymers can be challenging. In semi-crystalline 
polymers, surface defects can be probed by comparing the theoretical melting point with 
the measured melting point using the Gibson-Thomson equation. Compared to semi-
crystalline polymers, detection of free volume in glassy polymers is more challenging. 
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However, with the development of positron annihilation lifetime spectroscopy (PALS) 
[11-16], direct detection of free volume holes in glassy polymers has become possible 
and has attracted much attention in modern polymer physics. In a PALS analysis, 
positronium atoms (a bound state consisting of an electron and a positron) are generated 
using positrons from the β+ decay of 22NaCl: 
22Na  22Ne + + +  +  (1.27 MeV)         (3.1) 
in this expression, the 1.27 MeV  radiation appears almost simultaneously with 
positrons, and is thus used as a “start” signal for tracking the decay of positronium 
trapped in the free volume of polymers.  Compared with other isotopes, 22Na offers many 
advantages, including suitable half-life, short biological half-life, inexpensive source 
costs, and ease of handling in aqueous solutions. Upon radiation of polymers, ortho-
positronium (o-Ps) is preferentially trapped in the ‘empty space’ or ‘free volume’ in 
polymers, illustrated in Figure 3.2. 
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Figure 3.2.  A cross-sectional view of the in situ nature of the Ps as a probe for 
free-volume holes in a polymeric material. 
 
A positron (e+) wave-function will be localized in the attractive potential of 
defects and Ps is preferentially localized in free-volume holes before annihilation occurs, 
i.e. the lifetime of positronium increases in a vacancy. Experimentally, the lifetime is 
measured as the time difference between the appearance of 1.27 MeV and the 0.51 MeV 
quanta. The lifetime of a positron in amorphous polymeric material depends on the 
probability of hitting an electron. As a result, the lifetime of positron will be affected by 
the electron density of the material. In the PALS analysis, the ‘free-volume hole model’ 
has generally been used to characterize the microstructure of polymers. Positron lifetime 
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spectra consist of exponential decay components from prompt, para- positronium (p-Ps), 
and o-Ps annihilations as mentioned in the previous chapters. 
 
3.2 Study of ballistic polymers 
Polycarbonates (PC) are a group of thermoplastic polymers containing carbonate 
groups in their structural chains (Figure 3.3). The PC used in engineering applications are 
strong, tough and some grades are optically transparent and used in safety goggles. PC 
has many applications because it can be easily molded and thermoformed. Poly(methyl 
methacrylate) (PMMA) is a transparent synthetic thermoplastic often used in sheet form 
as a lightweight and shatter-resistant alternative to glass. This material can also be 
utilized in vehicle vision optics, windshields and face shields. Non-modified PC or 
PMMA behaves in a brittle manner when under pressure, especially under an impact 
force, and is more prone to scratching than conventional inorganic glass. In contrast, 
modified PC or PMMA can achieve high scratch and impact resistance. In the past, much 
work has been performed on the free-volume hole information in isotropic polymers [17–
22] with only limited reports on oriented polymers (mostly oriented thin films) [23, 24]. 
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Figure 3.3.  Molecular structures of PC (left) and PMMA (right). 
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Due to the growing interest in oriented bulk polymers for structural and ballistic 
applications [25, 26], the understanding of free volume holes is particularly useful in 
addressing micro-crack initiation and propagation in polymers under stress. Normally 
amorphous polymers exhibit a primary (α-) relaxation process and a low temperature 
relaxation process associated with polymer backbone motion usually described as the β-
relaxation process. In this study, the free-volume hole information in two bulk glassy 
polymers, PC and PMMA with controlled molecular orientation, is studied through PALS 
bulk measurement and pressure dependence analysis. PC and PMMA were selected 
because of their differences in β-relaxation. That is, PMMA has much stronger β-
relaxation (mainly from the pendant group) relative to its α-relaxation, as opposed to PC 
where the β-relaxation is mostly lower than the main chain α-relaxation [27]. 
Mechanically, PMMA has a lower chain entanglement density and is thus typically 
referred to as a brittle material. PC, on the other hand, has a higher chain entanglement 
density and is typically referred to as a ductile polymer [28, 29]. The main objective of 
this study is to establish the correlation between molecular orientation and relaxation of 
free-volume both under stress and after the stress is removed. Learning from this will 
help the understanding of micro-crack initiation and growth in oriented polymers for both 
structural and high strain rate applications. 
Condensed polymer materials have complex volume structure that depends on the 
chemical nature of the polymer and any layering, thermal, or mechanical modifications 
can affect the volume properties. Better mechanical performance specifications and clear 
understanding of the porous structure properties in polymers allows engineers to create 
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innovative designs that are robust and durable. Polymers exhibit time-dependent material 
properties and the performance of polymers in products change considerably over time. 
For a polymeric material, the degree of change in mechanical properties relates to 
pressure, free volume, thermal stress/strain and other conditions that the material is 
subjected to during its manufacturing and in its application life time. 
 
3.3 Experimental section 
PC (Makrolon) with a number average molecular weight (Mn) and weight 
average molecular weight (Mw) of 20 and 73 kg/mol, respectively, was obtained from 
Bayer Material Science. The PC has a notch Izod impact strength (ASTM D256) of 954 
J/m. Cell-cast grade PMMA (Plexiglas G) with a Mn and Mw of 1500 and 2200 kg/mol, 
respectively, was obtained from Arkema and has a much lower notch Izod impact 
strength (ASTM D256) of 16 J/m. Both PC and PMMA were obtained in sheet form with 
a nominal thickness of about 12.7 mm. Prior to simple shear orientation, both PC and 
PMMA samples were cut into 152 mm squares and annealed at 140 °C and 100 °C, 
respectively, for 60 min to release the manufacturing induced residual stress. 
 
3.3.1 Shear (orientation) 
In this work, controlled molecular orientation in PC and PMMA was orientated 
through the previously developed equal channel angular extrusion (ECAE) [30, 31]. 
ECAE is a solid state polymer orientation technique that was developed originally to 
introduce large plastic deformation in bulk metallic materials [31]. PC and PMMA were 
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treated by ECAE under different conditions to achieve different levels of shear strain 
using a custom-built servohydraulic-driven four-post ECAE extrusion system with a load 
frame capacity of 150 000 kg. To maintain a steady flow and to prevent micro-cracking 
of the billet, PC was extruded at 140 °C at an extrusion rate of 0.38 mm/s, whereas 
PMMA was extruded under three conditions: 100 °C at 0.38 mm/s, 105 °C at 0.38 mm/s, 
and 105 °C at 0.76 mm/s. To quantify the shear strain induced by each condition, grid 
lines with the mesh size of 6 mm × 6 mm were inscribed on one side of each sample. 
Permatex 80208 antiseize grease was used to facilitate the extrusion process. After ECAE 
treatment, all samples were machined to remove the residual antiseize grease followed by 
sandpaper polishing (Buehler 800 grit). The polished plaques were then used for 
preparing test samples in this work. All samples were prepared in a consistent manner. 
 
3.3.2 PALS analysis experiments 
The o-Ps lifetime correlates directly with the free volume dimensions where Ps is 
localized, i.e., larger defects and free-volume holes which contain lower mean electron 
density will lead to longer Ps lifetime [32, 33]. The high sensitivity of PALS in 
measuring free-volume properties can be attributed to the unique localization of the 
positron and the positronium atom in open spaces such as holes, free volume, and voids. 
Two types of PALS analyses were performed in this work:  bulk measurements and 
pressure dependence analyses. 
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3.3.2.1 Bulk measurements 
In this part, PALS bulk measurements were performed by using a conventional 
fast-fast coincidence method at 25 °C. The time resolution of the spectrometer was less 
than 300 ps, measured using a 60Co source in the 22Na energy window settings [34]. All 
samples were conditioned under dry Ar atmosphere for 24 h before the PALS 
measurements. A 22NaCl positron source (sealed between Kapton disks) was sandwiched 
between two identical test samples (40 mm × 40 mm × 20 mm). Positron interaction with 
the source coating (when used) is taken into account in the data analysis. All PAL spectra 
were resolved into three components by using the PATFIT program [35, 36]. The spectra 
were then fitted to three exponential lifetime components, which are assigned as follows: 
the shortest lifetime, τ1 ≈ 0.125 ns, is attributed to p-Ps (the singlet Ps state) annihilation; 
the intermediate lifetime (τ2 ≈ 0.4 ns) is due to bulk positron annihilation, and the 
component with the longest lifetime (τ3 ≈ 1.8–2.1 ns) and its relative intensity (I3) is due 
to pick-off annihilation of o-Ps. Since the variations of τ1 and τ2 are less than that of τ3, 
the observed lifetime of o-Ps (the triplet state of Ps) was found to be directly correlated to 
the size of free-volume holes, whereas the corresponding intensity (I3) is a measure of 
free volume fraction (fv). Bulk phenomena and radius distribution at ambient conditions 
were also obtained. On the basis of the spherical model, fv can be expressed as a product 
of average free volume (Vf ) (as determined from τ3) and the corresponding relative 
intensity (I3) can be expressed as: 
fv = A  Vf  I3         (3.2) 
 63 
 
 
 
where A is an empirical constant that has been determined to be 0.018 ± 0.002 nm−3 for 
most glassy polymers [37]. In an infinitely deep spherical potential well, a semiempirical 
correlation between the measured o-Ps lifetime (τ3) and hole radius (R) is shown below 
[38–40]: 
τ3 =
1
2
[1 −
R
R0
+
1
2π
sin (
2πR
R0
)]
−1
         (3.3) 
where Ro = R + ΔR, and ΔR is the o-Ps penetration depth into the wall of the hole. The 
value of ΔR in molecular solids such as plastic crystals has been determined to be 1.66 Å 
[41]. In Equation 3.3, τ3 and R are expressed in nanoseconds and angstroms, respectively. 
It needs to point out that Equationss 3.2 and 3.3 are simplifications of the actual 
free-volume morphology and are based on the assumption that free volume has a 
spherical shape. Previously much work has been performed to elucidate the morphology 
of free volume in several polymer systems using both classical Voronoi tessellation and 
molecular dynamics simulation [42-44]. Different free-volume shapes have been 
proposed including cube, bar, cylinder, ellipsoid and spheres under certain conditions, 
some shapes correlate to PALS data better over other geometries [40, 45, 46]. For 
example, Racko, et al. [46] found that an ellipsoidal shape matches o-Ps well when 
computed using the number average method, but the matching index drops substantially 
when the volume average was used. On the other hand, the work by Arrizi, et al. [47], 
who based their analysis on the Delaunay tetrahedral tessellation, showed that the 
unoccupied cluster volume in PC is generally spherical in shape. While there is some 
correlation of PALS to free-volume shape, it appears to be sample dependent. As a result, 
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in this paper we have adopted the generally accepted spherical free-volume shape model 
[46, 48]. 
 
3.3.2.2 Pressure-dependent tests 
An anvil system and a 25000 psi hydraulic press (Carver Co.) were used to 
generate a quasi-isotropic pressure up to 138 MPa. The principle of generating quasi-
isotropic pressure follows the Bridgman method [49, 50]. The outside diameter of anvil is 
25 mm with a working diameter 14 mm and a taper angle of l0°. All samples with 
corresponding parts were machined to the specification in the machine shop and size of 
the error range was controlled to be below 5%. Those samples were modified to disk 
shape (diameter = 4 mm and thickness = 1 mm). Two pieces of samples were housed in a 
gasket (outside diameter 4 mm and made of pyrophyllite ceramics) which was also 
precisely machined to match the sizes of samples. In such a design of our experiment, the 
diameter/thickness ratio was 2:1 [51]. 
A drop of 22NaCl solution was directly deposited on one side of one sample disk 
and dried; the second disk was then placed on the source side of the first disk to complete 
the sample sandwich. For the ease of handling, the sample sandwich was made by placing 
the disks sequentially into the surrounding pressure ring. The anvil and gasket sample 
assembly were placed in the press and pressure was applied to the predetermined levels. 
In the pressure setup, the start and stop detectors were placed at an approximately 135° 
angle and as close to the assembly as possible. Counting rates between 50 and 200 cps 
were obtained depending on 22Na sources of approximately 100 μCi. 
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3.4 Positron annihilation lifetime analysis 
3.4.1 Bulk analysis 
As mentioned earlier, PALS has been successfully used in recent years to 
characterize the composition, fractional free volume and free volume hole size 
distribution in a wide range of polymers [14-16]. PALS is unique in the measurement of 
free volume properties because of the localization of the positron (e+) and positronium 
(Ps) in holes and free volume and voids in polymers. Two key parameters that can be 
obtained from the PALS analyses are positronium lifetime (τ3) and the associated relative 
intensity (I3) [18-24].  
Figure 3.4 is a representative curve showing the normalized counts versus lifetime 
for the PC control in this study. The initial portion of the curve is from p-Ps and bulk 
annihilations, and the lower right part of the curve corresponds to annihilation related to 
o-Ps trapped in the material defects. Experimental parameters including τ3, I3, R, fv, Vf 
are derived from these spectra and are shown in Table 3.1. Table 3.1 also shows the 
effects of shear strain on positron lifetime, intensity, hole size, hole shape as well as the 
fractional free volume under atmospheric conditions. 
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Figure 3.4.  A representative example of the positron lifetime spectra in PC control 
sample. The line indicates the component of the spectra related to the lifetime and 
intensity of the o-Ps in the material defects. 
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Table 3.1.  PALS results under 0.1 MPa pressure on PC and PMMA at different levels of 
shear strain (γ ). 
Sample γ(%)  ns I3 (%) R (Å) fv (%) 3ellipsoid/3sphere hole macro 
PC 0 2.068 29.46 2.917 5.5 1.00 0.00 0 
 119 1.964 24.73 2.822 4.2 0.95 0.19 0.87 
PMMA 0 1.869 27.56 2.732 4.2 1.00 0.00 0 
 115 1.856 28.08 2.719 4.3 0.99 0.12 0.91 
 128 1.880 27.83 2.742 4.3 1.00 0.00 0.89 
 143 1.834 28.81 2.698 4.3 0.98 0.14 0.87 
 
 
As discussed earlier, because of the stress field associated with the simple shear 
process, elongated ellipsoids are generally the preferred morphology in polymeric 
materials [52–56]. Further, due to the constant values of specific gravity before and after 
the simple shear process, it is thus reasonable to attribute the reduction in o-Ps lifetime 
largely to the change in free-volume hole shape from spheres into ellipsoids. As a result, 
the correlation between spherical holes and ellipsoidal holes developed by Jean and Shi 
[24] is used to understand the anisotropy of the free-volume holes in both oriented PC 
and PMMA (Eq. 3.4). Positron lifetime (τ3) is related to the eccentricity factor (ε) through 
the following: 
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𝜏3
𝑒𝑙𝑙𝑖𝑝𝑠𝑜𝑖𝑑
 𝜏3
𝑠𝑝ℎ𝑒𝑟𝑒 = (1 + 0.4𝜀 − 4.16𝜀
2 + 2.76𝜀3)      (3.4) 
In Eq.3.4, the eccentricity factor () is defined:  𝜀 = √1 − (𝑏/𝑎)2, where a and b are the 
length of the semi-major and semi-minor axes of an ellipsoid, respectively. For a circular 
defect structure, the eccentricity factor  (𝜏3
𝑠𝑝ℎ𝑒𝑟𝑒
) is directly translated into a spherical 
hole radius, whereas for the sheared samples, the o-Ps lifetime for sheared sample 
(𝜏3
𝑒𝑙𝑙𝑖𝑝𝑠𝑜𝑖𝑑
) is compared to that of the control polymer, and ε is computed through Eq. 
(3.4). 
In Eq. 3.4, for a circular structure, the eccentricity factor ε would equal to zero, 
and for a linear streak, ε would equal a value of 1. Two eccentricity factors are involved 
in the evaluation of the oriented PC and PMMA:  macroscopic eccentricity factor (εmacro) 
and microscopic free-volume hole eccentricity factor (εhole). εhole is calculated on the basis 
of the measured τ3 by using Eq. (3.4), and the results are shown in Table 3.1. The value 
εmacro was calculated by using the experimentally measured shear angle (θ) and maximum 
tensile direction (α), and the results are also reported in Table 3.1. It is surprising to note 
the difference in εmacro and εhole. Samples after the simple shear deformation still exhibit a 
large macroscopic structural anisotropy, as shown by the large εmacro values. However, as 
compared to macroscopic anisotropy, the free-volume holes only exhibit low levels of 
anisotropy (εhole) after equal channel angular extrusion. The difference between εmacro and 
εhole can be accounted for by the β relaxation under room temperature in both polymers 
for the following two reasons: 
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(a) The relaxation of glassy polymers under room temperature is dominated by β 
relaxation which also has a low activation energy [57]; 
(b) The relative magnitude of β relaxation (relative to α relaxation) in PC is much 
smaller than that in PMMA. 
The fact that ε hole of simple sheared PC is higher than that of PMMA (0.19 
versus 0.12 or 0.14 as shown in Table 3.1) suggest that the β relaxation at room 
temperature in PMMA is mostly responsible for the free-volume hole shape relaxation. 
The ε hole difference between PC and PMMA is largely due to β relaxation. 
Contributions from α relaxation, which can be accelerated by mechanical deformation 
[58], can also be possible, even though this requires more cooperative molecular motion 
[58]. Quantification of the contribution from α and β relaxations requires in-depth 
characterization and will be reported elsewhere. The discrepancy between εmacro and εhole 
has also been noted by Jean and Shi in the study of an oriented polyaryl-ether-ether-
ketone [24]. 
 
3.4.2 Pressure analysis 
To probe the stability of the free-volume holes before and after the simple shear 
orientation, PALS was measured for all samples while under quasi-isotropic pressure 
ranging from 1 atm (0.1 MPa) to 138 MPa at 25 °C. In the PALS pressure test, the test 
sample was loaded into the hydraulic press under a 0.1 MPa condition to obtain the PALS 
results under atmospheric condition. Subsequently, the sample was gradually pressed to 
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the desired pressure and held in place for acquiring the PALS data. After being tested at 
the highest pressure (138 MPa), the pressure on the test specimen was released and the 
PALS measurement at 0.1 MPa was repeated.  
Due to the nature of the isotropic deformation and the fact that the Poisson’s 
ratios for both PMMA (0.35) and PC (0.38) are lower than 0.5 (constant volume), the 
microscopic deformation of the free-volume holes during the PALS pressure test is likely 
dominated by the shrinking and collapsing of the free-volume holes even though some 
level of shape change is also possible. As a result, in this analysis, the decrease in o-Ps 
lifetime is attributed mainly to the decrease in free volume rather than to the change in 
free volume hole shape. 
 
Figure 3.5.  Comparison of the fractional free volume (fv) for  
both PC and PMMA controls as a function of PALS test pressure. 
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Figure 3.5 shows fv in unoriented PC control and unoriented PMMA control at 
different quasi-isotropic pressures. The two polymers show similar pressure dependence, 
although PC appears to be slightly more compressible (slightly steeper initial slope in fv 
curve) than PMMA under pressures less than 50 MPa. At higher pressure range, the two 
materials show similar compressibility. As the pressure increases beyond 75 MPa, both 
PC and PMMA show similar hole shape change, and level off after 120 MPa. 
The changes in fv with respect to the change in quasi-isotropic pressure in PC with 
and without simple shear orientation are shown in Table 3.2. Values of τ3 are found to 
decrease distinctly with the increase in test pressure, whereas the corresponding I3 
decreases slightly in a roughly linear fashion. This indicates that a microdensification has 
occurred at the molecular level during the quasi-isotropically pressurized PALS test.  
Table 3.2 also demonstrated that, in PC with γ = 0%, a large fraction of the 
compressed free volume has been recovered upon the removal of the highest isotropic 
PALS pressure even though the highest PALS pressure (124 MPa) is much higher than its 
compressive yield strength (69 MPa). On the other hand, in PC with γ = 119%, the free 
volume has become higher after the removal of the highest isotropic PALS test pressure 
(138 MPa).  
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Table 3.2.  Under different pressures, PALS results for PC samples with shear strain (γ) 
of 0% and 119%. 
Sample 
Pressure 
(MPa) 
 ns I3 (%) R (Å) fv (%) 3ellipsoid/3sphere hole 
 0.1 2.068 29.46 2.917 5.51 1.00 0.00 
 55 1.611 26.68 2.468 3.02 0.78 0.33 
 69 1.404 23.75 2.230 1.99 0.68 0.40 
 PC (0%) 83 1.280 24.54 2.072 1.65 0.62 0.43 
 103 1.223 22.70 1.995 1.36 0.59 0.45 
 124 1.182 19.59 1.939 1.08 0.57 0.46 
 0.1  1.943 23.63 2.802 3.92 0.94 0.20 
 0.1 1.964 24.73 2.822 4.19 0.95 0.00 
 55 1.393 23.67 2.216 1.94 0.67 0.40 
 69 1.330 19.40 2.137 1.43 0.64 0.42 
PC (119%) 83 1.183 19.21 1.939 1.06 0.57 0.46 
 103 1.076 17.14 1.781 0.73 0.52 0.49 
 124 1.011 16.30 1.678 0.58 0.49 0.51 
 138 0.961 14.85 1.593 0.45 0.46 0.53 
 1 atm 1.988 25.27 2.844 4.38 0.96 0.17 
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Combined with these observations, it is appears that simple shear induced free-
volume hole anisotropy, even at very low levels (εhole = 0.19), can lead to the growth and 
coalescence of the free-volume holes upon the removal of PALS test pressure. The latter 
is likely due to the anisotropy induced stress concentration at the end of the ellipsoids in 
glassy polymers [44, 59]. 
Table 3.3 and 3.4 show the tabulated PALS results for PMMA samples before and 
after the pressure study for different levels of simple shear orientation. At 1 atm pressure, 
fv increased slightly (from 4.2 to 4.3) after the simple shear orientations. All three 
oriented PMMA samples show decreases in fv and R with respect to test pressure.  The 
data appear to be more scattered in the low pressure range, and the hole size appears to be 
slightly smaller in the orientated samples than in the unoriented systems. However, with 
the increase in pressure, no appreciable difference could be found for samples before and 
after the simple shear deformation. Similar to PC, the holes become more anisotropic, 
i.e., higher hole with the increase in the applied pressure. 
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Table 3.3.  Under different pressures, PALS results for PMMA samples with 0% and 
115% shear strain. 
Sample 
Pressure 
(MPa) 
 ns I3 (%) R (Å) fv (%) 3ellipsoid/3sphere hole 
 1 atm  1.869 27.560 2.732 4.2 1.00 0.00 
 55 1.413 26.290 2.240 2.2 0.76 0.40 
 69 1.212 23.740 1.981 1.4 0.65 0.45 
 83 1.116 22.890 1.842 1.1 0.60 0.48 
PMMA (0%) 103 1.017 22.260 1.688 0.8 0.54 0.51 
 124 0.976 18.140 1.620 0.6 0.52 0.52 
 138 0.929 18.060 1.537 0.5 0.50 0.53 
 1 atm  2.045 26.220 2.896 4.8 1.09 0.13 
 1 atm  1.856 28.080 2.719 4.3 0.99 0.00 
 55 1.194 25.830 1.956 1.5 0.64 0.42 
 69 1.202 23.600 1.967 1.4 0.64 0.42 
PMMA (115%) 83 1.107 22.700 1.830 1.1 0.59 0.45 
 103 1.036 19.910 1.719 0.8 0.55 0.48 
 124 0.942 19.670 1.561 0.6 0.50 0.51 
 138 0.910 18.180 1.503 0.5 0.49 0.52 
 1 atm 1.739 25.320 2.603 3.4 0.93 0.21 
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Table 3.4.  Under different pressures, PALS results for PMMA samples with 128% and 
143 % shear strain. 
Sample 
Pressure 
(MPa) 
 ns I3 (%) R (Å) fv (%) 3ellipsoid/3sphere hole 
 1 atm 1.880 27.830 2.742 4.3 1.01 0.00 
 55 1.318 24.310 2.122 1.8 0.71 0.42 
 69 1.168 22.660 1.918 1.2 0.62 0.43 
PMMA (128%) 83 1.104 21.190 1.825 1.0 0.59 0.45 
 103 0.999 21.440 1.658 0.7 0.53 0.49 
 124 0.947 19.220 1.569 0.6 0.51 0.50 
 138 0.920 18.460 1.522 0.5 0.49 0.51 
 1 atm 1.945 27.580 2.805 4.6 1.04 0.00 
 1 atm  1.834 28.810 2.698 4.3 0.98 0.00 
 55 1.366 26.190 2.182 2.1 0.73 0.36 
 69 1.210 21.260 1.977 1.2 0.65 0.41 
PMMA (143%) 83 1.107 21.250 1.828 1.0 0.59 0.45 
 103 1.062 18.410 1.761 0.8 0.57 0.46 
 124 0.951 17.200 1.577 0.5 0.51 0.50 
 138 0.891 17.200 1.467 0.4 0.48 0.52 
 1 atm 2.022 26.810 2.875 4.8 1.08 0.00 
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Figure 3.6.  Fractional free volume (fv) for PMMA with different levels of shear strain 
at different quasi-isotropic test pressures. Maximum test variation for fv is 0.15%. 
 
Figure 3.6 shows the change in fv with the increase in the quasi-isotropic PALS 
test pressure for PMMA control and PMMA samples with three levels of shear strain. All 
four samples show similar pressure dependence with respect to fv regardless of the level 
of shear strain with values for fv converge at the 138 MPa level. The largest variation is 
found to appear in the intermediate pressure range (from 50 to 75 MPa). This is most 
likely because the PALS test pressure induced deformations at these stress levels are 
lower than the yield stress of PMMA. 
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To compare the fv change after the pressure analysis, all samples were retested at 
0.1 MPa after the removal of the highest PALS test pressure; the results are compared to 
the initial 0.1 MPa data (Figure 3.7). For PMMA (Figure 3.7), fv was found to increase 
after the removal of the highest test pressure regardless of the shear strain level. This is 
due to the micro-cracking of PMMA at 138 MPa, especially since this pressure is higher 
than the maximum compressive strength of PMMA. For PC (Figure. 3.7), a slightly 
different trend was observed. In PC control, the highest PALS pressure of 138 MPa is 
much higher than the maximum compressive strength of PC; fv still decreases upon the 
removal of the PALS test pressure mostly due to the intrinsic plasticity in PC materials 
[28, 46]. 
In comparison, fv in sheared PC (γ = 115%) has been found to increase by 4% 
(4.19 to 4.38) upon the removal of 138 MPa pressure, suggesting the formation of micro-
cracks in oriented PC. This result is consistent with our observation of the flow behavior 
of PC during the ECAE process; that is, after just one ECAE pass (γ = 115% strain), the 
intrinsic ductility of PC has dropped so much that additional pressure significantly 
cracked the material. 
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Figure 3.7.  Observation of fv recovery at 0.1 MPa during the PALS pressure test for 
(a) PMMA and (b) PC with different levels of shear strain. 
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Figure 3.8.  Dependence of fractional free volume (fv) on PALS test pressure for PC and 
PMMA with similar level of shear strain (119% and 115%, respectively). 
 
To compare the material effect, fv values for PC and PMMA with similar levels 
of shear strain (~115%) are plotted in Figure 3.8. Both PC and PMMA show similar 
compressibility upon pressurization and once again with the largest variation around 50 
MPa due to the PALS pressure being lower than the yield strength of both materials. 
 
3.4.3 Lifetime distribution analysis 
To explore the mechanical differences in each polymer series, it is of interest to 
study the hole volume probability density function (PDF) for theoretical comparison. 
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Maximum entropy lifetime (MELT) analysis [60] was used to assess the lifetime 
distribution of PC and PMMA under the conditions related above. This method only 
assumes a continuous distribution of positronium lifetimes in a given spectrum without 
previous assumptions of the number of lifetimes, types of defects, or shapes of voids in 
the sample under evaluation. For convenience, rather than using complicated shape 
parameters to describe the pore size distribution, in this section, we have simplified the 
shapes into equivalent spherical pores to demonstrate the lifetime distribution change for 
samples with different levels of shear strains. As a result, hole volume PDF g(v) was 
obtained by assuming spherical holes and is expressed as [14, 61]: 
g(v) =
𝑓(R)
4πR2
           (3.5) 
The fraction of hole volume distribution as determined by o-Ps annihilation in 
holes with volume between V and V + dV is given by g(V)dV. This approach does not 
take into account the change in free-volume eccentricity expected in the samples under 
pressure in this study, but is useful for comparing the two types of polymers. The 
estimated radii are included for a general comparison of the trend of free-volume size 
changes in the samples under pressure, but do not account for the expected shape of the 
free volume under pressurized conditions.  
 
  
 81 
 
 
 
 
 
Figure 3.9.  Lifetime distribution and estimated radius versus PDF in PC with two strain 
levels, γ = 0% (top) and 119% (bottom), under various pressures using MELT analysis. 
The repeated experiment under ambient conditions after applied pressure is denoted as an 
asterisk. 
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Figure 3.9 shows the lifetime distributions and estimated free volume hole radii in 
PC control (γ = 0%) and in PC with 119% shear strain. In the PC control, the distribution 
remains broad as the pressure is increased, and finally narrows at the highest pressure. 
Similarly, in the oriented PC, the lifetime distribution becomes narrower at higher 
pressures. The narrow distribution shows that some of the holes collapsed upon 
mechanical loading. Upon unloading, the distribution has become wider in both oriented 
and unoriented samples. However, the distribution has almost completely recovered upon 
unloading in the oriented sample, whereas in the unoriented sample, the free volume was 
only partially recovered upon unloading. On the basis of the size distribution, the oriented 
sample shows a wider distribution than the unoriented sample at the initial 0.1 MPa 
condition. 
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Figure 3.10.  Lifetime distributions and estimated radius versus PDF in PMMA with 
different levels of shear strain, γ = 0% (top) and γ = 115% (bottom), under various 
pressures using MELT analysis. The repeated experiment under ambient conditions after 
applied pressure is denoted by an asterisk. 
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Figure 3.11.  Lifetime distributions and estimated radius versus PDF in PMMA with 
different levels of shear strain, γ = 128% (top) and γ = 143% (bottom), under various 
pressures using MELT analysis. The repeated experiment under ambient conditions after 
applied pressure is denoted by an asterisk. 
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The PDF analyses of PMMA are shown in Figure 3.10 and 3.11. The distributions 
become narrowed after the application of mechanical pressure during PALS measurement 
for all four samples. As with PC, the distribution remains broad as pressure is applied and 
then narrows at the higher pressures. This trend may be slightly more rapid for the 
PMMA than for PC, and the mechanically stressed samples may also approach a 
narrower distribution more rapidly per simple shear orientation. The latter samples led to 
the smallest distribution and radius at the highest pressure for those samples with the 
highest level of shear orientation. This appears to indicate that as pressure is applied, all 
free-volume voids are being constricted at a similar distribution until they reach the 
smallest size at the highest pressure. 
The biggest difference observed between PMMA and PC was observed during the 
repeated experiment under ambient conditions after depressurization. All four PMMA 
samples, regardless of the level of molecular orientation, showed two populations of 
lifetime distribution upon the removal of the pressure, whereas all samples in the initial 
measurement under the atmospheric condition only showed one distribution.  
 
Table 3.5.  Reevaluated lifetime, intensity, and free-volume results (PATFIT), including 
τ4 and I4 at 0.1 MPa for depressurized PMMA with different levels of shear strain (γ). 
γ 3 (ns) I3 (%) R* (Å) fv +(%) 4 (ns) I4 (%) R** (Å) fv ++(%) 
0% 2.069 25.447 2.918 4.76 0.977 5.653 1.622 0.18 
143% 2.084 23.726 2.931 4.51 0.841 7.989 1.371 0.15 
𝑅∗, based on τ3; 𝑓𝑣
+, based on I3; 𝑅∗∗, based on τ4; 𝑓𝑣
++ , based on I4.  
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In particular, the MELT analysis indicated two well-resolved features in the 
decompressed sample analysis for PMMA control and PMMA with 143% shear strain. In 
addition, the free-volume values derived above for these samples appeared to be 
anomalous, i.e., larger than the initial free volume as shown in Table 3.2-3.4. These data 
suggested that after mechanical compression, these samples processed two distributions 
of free-volume holes, i.e., the polymer free volume did not fully relax to a single 
distribution of free volume. To evaluate this, the sample data were analyzed again using 
PATFIT (as above), and an additional lifetime for the second distribution of free-volume 
voids was considered. The results of this analysis are shown in Table 3.5. 
 
While all the decompressed samples were reevaluated, only PMMA control and 
PMMA with 143% shear strain gave satisfactory results for two defect lifetimes in 
samples after the pressure extreme, but with larger attendant errors. The first lifetime (τ3) 
is close to the lifetime of positronium species in the starting polymer sample. The second 
lifetime (τ4) is similar to that of the highly compressed samples and suggests a set of 
smaller free volumes present after decompression. PMMA samples with low levels of 
shear orientation did not exhibit this bifurcated free-volume phenomenon. Although this 
result helps explain the well-resolved lifetime distributions derived from MELT 
discussed above, it should also be noted that there is a larger associated error for the 
evaluated lifetimes with lower intensity. This observation of a bimodal lifetime 
distribution after a macroscopic physical process is important in its own right, and will be 
the focus of future experiments as outlined in [44]. 
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3.4.5 Stress relaxation analysis 
Based on the aforementioned analysis, it is plausible to propose the following free 
volume hole change with the application of mechanical stress. With the application of the 
simple shear deformation, polymer chains are aligned along the maximum tensile 
direction causing the free-volume holes to be deformed into ellipsoids. PMMA showed 
>100% fv recovery upon the removal of test pressure. Combined with the lifetime 
distribution analysis which shows two populations of lifetime distribution, it is likely that 
additional micro-cracks have been formed during the pressure test, especially since the 
highest PALS test pressure is beyond the compressive yield stress of PMMA. As shown 
by molecular dynamic simulation [59], upon the removal of hydrostatic pressure, all the 
principle strains can be released in glassy polymers as shown in Figure 3.14. 
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Figure 3.12.  Proposed free volume hole deformation and relaxation under glassy 
state in PC and PMMA. 
 
Due to the low molecular entanglement density, it is possible that the strain 
induced micro-cracks are formed upon the release of hydrostatic pressure leading to the 
formation of an additional population of free volumes, i.e., forming a bimodal free-
volume distribution. PC, on the other hand, behaves differently; in control PC, fv only 
recovered partially upon PALS pressure removal, whereas in oriented PC, fv was even 
recovered larger than initial state. However, the lifetime distribution analysis did not 
show any bimodal lifetime distribution indicating the initial formed free-volume holes 
have become larger upon the application of 124 MPa PALS pressure. This difference is 
mainly due to higher entanglement molecular weight and slower chain relaxation time in 
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PC than PMMA as shown by the relaxation time difference between the two. The 
combined effect from these two features leading to the free-volume recovery is slow 
enough to allow additional mechanical deformation before forming a population of 
microscopic cracks in PC. PMMA, on the other hand, has a much faster chain relaxation 
time and a much lower chain entanglement density which makes the material less 
mechanically damping and is thus prone to form populations of micro-cracks upon 
deformation. 
 
3.5 Conclusion 
On the basis of the PALS analyses of both PC and PMMA, it is clear that the two 
polymers in the unstressed state exhibit different levels of fractional free volume; PC has 
a higher fractional free volume than PMMA which might contribute to the high fracture 
toughness of PC compared to PMMA under quasi-static conditions.  A large discrepancy 
was found between the macroscopic eccentricity factor and microscopic hole eccentricity 
factor. Combining the bulk and pressure-dependent PALS analyses, it is clear that the 
relaxation of the free volume holes at ambient condition (far below glass transition) must 
happen at a relatively fast rate. The removal of the stress led to free volume relaxation in 
most of the samples studied. The alignment of the polymer chains and free volume holes 
impose molecular restrictions on the molecular mobility of both PC and PMMA in their 
glassy state. 
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CHAPTER 4 
POSITRON INTERACTIONS WITH CHIRAL QUARTZ 
 
4.1 Introduction 
Many important molecules required for life exist in asymmetric forms. A pair of 
enantiomers (optical isomers), are non-superimposable mirror images of each other; they 
rotate plane-polarized light either to the left or to the right, and are referred to as chiral 
(Greek: χε (pos)) since they are analogous to our left and right hands. Verifying structural 
symmetry is an effective way to determine if a molecule or crystal is chiral or achiral 
(non-chiral). Achiral molecules mean that they are superimposable on their mirror image 
and most of them have a plane of symmetry or a center of symmetry. Therefore, a 
molecule is chiral if it does not have that symmetric operation. Chiral molecules are 
dissymmetric since they lack this type of symmetry [1]. 
Nearly all monomers for biological polymers, like DNA, have the same 
handedness (homo-chiral and optically pure) to function. In proteins, all amino acids are 
found to be left-handed (LH), whereas all sugars in DNA and in the metabolic pathways, 
are right-handed (RH). A mixture is called racemic if it has equal amounts of left- and 
right-handed forms (50% each). If polypeptides have racemic structure, side chains could 
stick out randomly and it could not form the specific shapes required for enzymes. 
Similarly, a wrong-handed amino acid will disrupt the stability of the α-helix in proteins 
and consequently illness may occur[2].  
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People have been interested in the interactions of energy and particles with chiral 
substances since the discovery of chirality [3]. In the area of β particles (either electrons 
or positrons) there is scant data on any differential interactions where right-handed or 
left-handed materials were analyzed. Unlike previous research that has emphasized 
liquid, powdered or gas phase chiral entities or asymmetric synthesis that used solvated 
achiral precursors, there is reason to believe that these experiments need to be repeated 
[4]. Life on earth has evolved in a way that amino acids are mainly of L-form as term of 
“left-handed” (LH) and exhibit a specific stereochemistry. These aspects are extremely 
important in industrial and medical fields. 
 
4.2 Chirality 
A chiral molecule is not identical to its mirror image molecule, which means it 
resembles a human hand in that the left and right hands are not superimposable but can be 
easily distinguished. Similarly, a molecule is treated as achiral if it is identical to its 
superimposable upon. Many complex molecules found in biological systems are chiral. A 
simple way to predict chirality of a molecule is to use the concept of a chiral center 
(stereogenic center): A molecule is chiral if it only has a single chiral center. The most 
common kind of chiral center, a carbon, which directly connects four different ligands 
(atoms or function groups). Any chiral center can have two possible configurations, 
which are designated as either S (from Latin word: sinister, means left) or R (from Latin 
word: rectus, means right). If chiral center of a molecule designated as S, the chiral center 
of its associated enantiomer will be S. 
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4.2.1 Origin of chirality  
In the process of synthesis of chiral compounds, achiral reagents always yield 
racemic mixtures and optically inactive reagents yield optically inactive products as a 
result of the laws of thermodynamics [5]. The LH and RH forms have identical free 
energy (G), those free energy difference (ΔG) is zero. The equilibrium constant for any 
reaction (K) is the equilibrium ratio of the concentration of products to reactants. The 
relationship between the equilibrium constant and free energy difference at temperature 
(T) is given by: 
K = exp (–ΔG/RT)      (4.1) 
where R is the universal gas constant (8.314 J/K·mol) derived from Avogadro’s number 
and Boltzmann’s constant. For the reaction of changing LH to RH amino acids and the 
reverse, ΔG is 0 and then K equals to 1, the reaction reaches equilibrium when the 
concentrations of LH and RH forms are equal meaning a racemate is generated. Origin of 
life scientists tried serval methods of producing the observed homochirality but most 
attempts failed to resolve racemic mixtures of prototypical molecules. 
Researchers have spent decades to solve the chirality problem and explore origin 
of life [6-9]. Some chemists speculated that a very strong magnetic field produced 98 % 
homochiral products from achiral reagents that the earth’s magnetic field could have led 
to biological homochirality [10]. 
β-decay is one form of radioactive decay governed by the weak force. This force 
has a slight handedness in the form of parity violation. Several chiral amplification 
processes are known to exist, and if asymmetric deterministic forces such as the nuclear 
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weak force could induce small enantiomeric excesses, and then β-decay could account for 
the rise of chirality in biological molecules [11-13]. However, the weak force is “weak”, 
so mechanisms to produce the required 100% homochirality have not yielded convincing 
conclusions [14, 15 ]. Another aspect of this is that there is only a small energy difference 
between enantiomers due to parity violation of the weak nuclear force. Theoretical 
quantum mechanical calculations have shown that, L-amino acids and D-sugars have a 
theoretically slightly lower energy than their enantiomers so are thus slightly more stable 
[16, 17]. 
 
4.2.2 Chirality recognition  
Since enantiomers are "handed" or "chiral", other chiral agents can distinguish 
them: when enantiomers interact with another chiral compound, one of the original 
enantiomers will find a better energetic fit with the chiral compound rather than another. 
One physical property which distinguishes two enantiomers is "optical activity". This 
term refers to the property of chiral compounds of rotating the plane of plane-polarized 
light to the right (clockwise) or to the left (counterclockwise). In order to distinguish a 
left hand or right hand molecule from a racemate, another homochiral substance is 
normally involved, since LH and RH substances have identical properties except when 
interacting with another chiral phenomenon. The reaction products of the L and R 
enantiomers with right handed substance R′, called diastereomers, R-R′ and L- R′, can be 
separated due to different physical properties. Circular dichroism (CD) or optical activity 
(OA, polarimetry) are common techniques to analyze chiral materials [18]. 
 102 
 
 
 
4.2.2.1 Circular dichroism 
For circularly polarized light, the electric field direction rotates along the light 
beam. Homochiral enantiomers have the ability to absorb differently right and left 
circularly polarized light; this phenomenon is known as circular dichroism (CD) [19]. CD 
is a consequence of the interaction of polarized light with chiral molecules. Since 
photolysis occurs when light photons are absorbed, CD light could selectively react with 
one enantiomer more readily than another. 
CD spectroscopy measures the differential absorbance between left and right 
handed circularly polarized light in the UV-visible region. It is a measurement of the 
optical activity of chiral molecules. The principle of CD spectroscopy is shown in Figure 
4.1. Monochromatised light from the beam line traverses a photo elastic modulator, 
which converts the linear polarized light into alternating left and right handed polarized 
light. The two polarizations are absorbed differently and the different absorption is then 
recorded by a photo multiplier tube [20]. 
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Figure 4.1.  Mechanism of circular dichroism. 
 
CD signal usually can be expressed as: 
ΔA = ALCP - ARCP      (4.1) 
where ΔA is the difference between absorbance of left circularly polarized (LCP) and right 
circularly polarized (RCP). Taking into account path length of the sample cell and sample 
concentration, a molar circular dichroism can be derived at a Δε: 
ΔA = Δε  (C  l) = (εLCP ‐ εRCP)  (C  l)     (4.2) 
where εLCP and εRCP are the molar extinction coefficients for LCP and RCP light 
respectively, C is the molar concentration, and l is the path length in centimeters. Since 
the majority of biological molecules are chiral, CD techniques are widely used to analyze 
and study the highly chiral chemistry of biological molecules. Recently, Jeremy Bailey, 
reported circularly polarized infrared radiation in a nebula [21] and another scientist 
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speculated that the source of circularly polarized light is synchrotron radiation from a 
neutron star, which may provide the evidence that left-handed amino acids originated 
from nebulae [22, 23]. 
 
4.2.2.2 Polarimetry 
Optical activity is a unique property of chiral substances. Optical rotation is an 
essential quality and identity assay for a wide range of any industry that produces or uses 
chiral compounds in pure or diluted form, such as chemicals, food ingredients, 
formulated pharmaceuticals. Once a calibration is determined for the composite observed 
rotation, one can establish quality criteria based on optical rotation.  
Figure 4.2 shows a typical polarimeter; plane polarized light is introduced to a 
sample cell containing the substance to be measured. If the substance in the polarimetry 
cell is optically inactive, the orientation of the polarized light does not change and the 
observer sees an angle of [α] = 0o. If the substance is optically active, the plane of the 
light will rotate on its way through the sample. The optical rotation is a result of the 
different components of the polarized light interacting differently with the chiral center. 
In order to determine the final observation, the observer has to rotate the axis of the 
analyzer back, either clockwise or counterclockwise direction depending on the property 
of the compound. For clockwise direction, the rotation in degrees is defined as positive 
("+") and called dextrorotatory. In contrast, the counterclockwise direction is defined as 
negative ("-") and called levorotatory.  
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Figure 4.2.  Schematic setup of a polarimeter. 
 
Polarimetry is the measurement and interpretation of the polarization of transverse 
waves, which provides a sensitive, nondestructive technique for measuring the optical 
activity exhibited by inorganic and organic compounds. A compound is considered to be 
optically active if linearly polarized light is rotated when passing through it. Polarimetry 
measures the observed optical rotation designated by α. The value of α can be determined 
by the molecular structure and concentration of chiral molecules in degrees per mole of 
the substance: 
[𝛼]𝜆
𝑇 =  
𝛼𝑇𝜆
𝑙  𝑐
         (4.3) 
where T is the measurement temperature, λ is the wavelength of light employed, l is the 
length of the tube in decimeters, and c is the concentration of the solution in g/mL. With 
the value of α and the information of the specific rotation, one can easily determine the 
concentrations of both isomers in pure state. For example, it is possible to determine the 
relative concentrations of optical isomers, known as enantiomeric excess (ee). 
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4.2.2.3 Optically active quartz as object in this work 
Quartz is a widespread mineral composed of silicon and oxygen atoms in a 
continuous framework of silica (SiO2) on Earth. The crystal of quartz structures are 
hexagonal and dissymmetric. Quartz crystals are chiral and exist in two forms, α-quartz 
and β-quartz. There are equal amounts of left- and right-handed quartz crystals on earth 
and some researchers tried to use optically active quartz to adsorb one enantiomer 
preferentially. Some investigators have reported a very small chiral selection effect by 
minerals to reveal the origin of the life, but they had no success. Selective adsorption and 
binding have now been excluded [24]. Prebiotic clays have no chiral bias even if some of 
clay minerals show chiral preference that could be due to previous absorption of optically 
active biomolecules. 
 
4.2.2.4 Known properties of chiral crystals studied in this work 
Life on earth has evolved in a way that amino acids are mainly of the mirror 
image form said to be LH, which exhibit a specific stereochemistry. These aspects are 
extremely important in industrial and medical fields. There has been a lot of interest in 
the interaction of β particles with chiral substances in the past 40 years. Investigations 
into the sensitivity of chiral materials to β radiation have generally turned up negative 
results in the gas or powdered phases [25, 26]. The use of β radiation in asymmetric 
recrystallization has also turned up inconclusive results that could use further study [27]. 
Quartz in its α crystalline form occurs naturally in two chiral space groups; the quartz 
selected for our experiments is commercially available as RH or LH α-quartz rotators. 
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Amorphous fused quartz samples have been investigated with various positron 
annihilation spectroscopies (PAS) by a number of researchers [28-30], and various 
positron interactions with crystalline quartz have been reported [31-33], however, no 
studies have been reported regarding enantiomeric pairs of crystalline quartz. In this 
chapter, a difference in the interaction of polarized positrons with the two chiral forms of 
quartz will be introduced [34]. 
 
4.3 Quartz preparations and PALS experiments 
Thin, z-cut crystalline quartz disks (0.414 mm × 25 mm and 0.414 mm × 16 mm 
for RHand LH sample, respectively) were obtained from Gooch & Housego, Ltd (UK) 
for use in positron beam measurements. For comparison, we also obtained natural chiral 
quartz, then etched and polished the surfaces, sample cutting direction is perpendicular to 
z directions are shown in Figure 4.3.and executed PALS experiments.  
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Figure 4.3.  Natural quartz sample (top) and schematic faces  
marked with cut directions (bottom). 
 
For bulk PALS measurements, fused and z-cut crystalline quartz samples were 
obtained from Crystran, Ltd (U.K.); each sample was 2.5 cm in diameter with thicknesses 
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of 1 mm, 2.5 mm and 2.6 mm for the fused, LH or RH sample, respectively. LH and RH 
natural quartz crystals were obtained from a local supply store, identified visually and by 
etching with dilute HF (aq) soln. Natural crystals were cut to obtain 2-3 mm thick 
sections of crystal with ‘z’ faces of about 1 cm2. The handedness of each crystal sample 
was confirmed by polarized light microscopy. 
All samples for bulk analysis were prepared by placing a 22NaCl source sealed in 
Kapton® foil between two sample pieces or by depositing a solution of 22NaCl (50-70 
Ci) on one face of the quartz with a second piece added to cover the source. The entire 
source/quartz combination was enclosed in Al foil and placed in the PALS apparatus; 
experiments were conducted as previously reported [35]. In order to reduce the effect 
from using Kapton® foil, open source 22NaCl was also directly deposited on the surface 
as shown in Figure 4.4.  
For open source experiments, counting rate can be easily controlled by changing 
the source amount. However, it is time consuming to prepare the sample with radioactive 
source and one needs to be careful to avoid any contamination during the process from 
preparation to sample disposal. The thin samples for beam measurements were affixed to 
an Al plate with conductive Cu tape and centered in the beam. Two tungsten collimating 
lenses (1 cm opening, 1 cm thickness) were placed between the sample and the detector 
to minimize extraneous signal. The monoenergetic beam at the Positron Science 
Laboratory, UMKC has been described previously [36, 37]. 
PAL spectra were resolved into three components by using the PATFIT program 
[38, 39], and were assigned as follows: the shortest lifetime, τ1 = 0.156 ns (fixed in our 
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analyses), was attributed to para-Ps (p-Ps) annihilation [40]. The intermediate lifetime (τ2 
= 0.3 ns) was attributed to ortho-positron (o-Ps) annihilation arising from lattice 
interactions. Finally, the component with the longest lifetime (τ3 = 0.6 ~ 1.5 ns) and its 
relative intensity (I3) was assigned to pick-off annihilation of o-Ps localized in material 
defects. This final lifetime component was either fixed or calculated in the analyses [40]. 
 
Figure 4.4.  Two methods for positron source interaction with samples. 
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4.4 Doppler broadening energy spectra (DBES) analysis 
4.4.1 DBES experimental  
The “S parameter” of Doppler broadening energy spectra (DBES) was measured 
as a function of depth using a monoenergetic slow positron beam [16, 36, 37]. DBES 
spectra (Figure 4.5) were recorded as a function of positron implantation energy from 
around 0 to 30 keV using an HPGe detector (EG&G Ortec. with 35% efficiency and 
energy resolution of 1.5 keV at the 511 keV peak ) at a counting rate ~ 2,500 cps (total 
counts each spectrum = 2 × 106). DBES spectra were characterized by an “S parameter”, 
defined as a ratio of integrated counts between 510.3 and 511.7 keV (S width) to the total 
counts after the background is properly subtracted. Figure 4.5 illustrates comparative 
DBES4 spectra for fused, RH and LH crystalline quartz at a positron implantation energy 
of 15 keV. 
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Figure 4.5.  Representative Doppler-broadening energy spectra for fused (FQ), and the 
RH (RQ) or LH (LQ) crystalline quartz samples at a positron implantation energy of 15 
keV. 
 
For initial experiments, thin quartz discs were affixed with conductive Cu tape to 
an aluminum backing plate and placed in the monoenergetic positron beam for DBES 
studies. Fused glass sample or crystalline quartz samples gave typical results for DBES 
profile and the S-parameter at varied positron implantation energies [41]. Extending this 
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work, the analysis of RH or LH crystalline quartz discs yielded a differential S-parameter 
profile over implantation energy (Fig. 4.6). 
 
4.4.2 S-parameter 
For the crystalline quartz samples, the S-parameter decreases slightly with 
positron energy and becomes constant as the positron is implanted into the ‘bulk’ lattice 
of the crystal. The S-parameter of the LH quartz starts at a slightly lower value and 
decreases to a different constant value in the ‘bulk’. In both cases the S-parameter surface 
region/bulk transition is at around 3-4 keV implantation energy. In addition to the 
observed difference in DBES profiles of the RH and LH crystal samples there appears to 
be a difference in the interactions of the positron with the surface of the chiral pair. The 
difference in the S-parameter as a function of energy between the RH and LH samples is 
also indicated in Fig. 4.5 (lower panel), reaching a value of about 0.01 at highest 
implantation energies. 
 
4.4.3 S-parameter results 
The annihilation radiation resulting from the positron/electron interactions gives a 
unique and sensitive handle in observing potential asymmetric interactions and 
annihilation processes. In considering positron interactions and annihilation 
characteristics with various forms of matter, we performed the DBES experiment to 
probe whether we could observe an asymmetric interaction of the positron with chiral 
crystalline materials. As discussed above, the pursuit of differential β radiation 
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interactions with various forms of matter has been the subject of numerous research 
reports, but had not included the attempt to observe an asymmetric interaction between 
the positron and crystalline, enantiomorphic solids. The monoenergetic positron beam 
was conceived as a source of polarized beta radiation that could interact asymmetrically 
with chiral crystalline materials. Normally, the positron emitted from 22Na are polarized 
and the slow beam technique can retain this polarization of positron beam [42-46]. 
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Figure 4.6.  DBES profile for fused, RH, and LH quartz samples at varied 
positron implantation energies. The ΔS plot compares the RH and LH chiral 
crystal data. The error is estimated to be 0.001. 
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4.4.4 Angle dependence results  
To further explore the interaction of the positron with the chiral material, DBES 
was conducted with the quartz crystals rotated at 0°, 45°, 90°, and 135° relative shown in 
Figure 4.7. Alternatively, the crystal lens was turned to its opposite face for analysis. In 
all of these cases, the resulting DBES profile matched that of the initial RH or LH quartz 
sample, respectively. 
 
Figure 4.7.  In the DBES chamber, the chiral crystal were attached to tungsten 
disk and rotated at 0°, 45°, 90°, or 135° in the beam axis, but still perpendicular. 
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The DBES profiles of the RH and LH quartz are distinctly different, which we 
mainly attribute to the differential trend in I2 and I3 intensity values (compare to bulk 
data). In repeated experiments, the chiral crystal lenses give the same DBES profile if 
they were turned to their reverse side, or if they were rotated at 0°, 45°, 90°, or 135° in 
the beam axis, but still perpendicular. Since the samples were z-cut quartz and the chiral 
nature of the quartz is related to crystal lattice helicity in the z direction, the reversal or 
rotation of the sample would not be expected to change the S parameter profile.  
Figure 4.8 shows the DBES results of repeated experiments at different angles. 
Taking consideration of the estimated error (~0.001), the synthetic chiral crystal gives 
same DBES profile even they were rotated at 0°, 45°, 90°, or 135° in the beam axis. The 
data matches with our assumption that polarized β particles only interact with the main 
orientation (z-axis) of the chiral sample, the result will be also confirmed in next chapter. 
Figure 4.9 gives the S parameter of z-cut quartz for fused quartz, LH, RH quartz 
and reverse side of RH, The S parameter profile of the reversal of RH sample still has the 
same differences compared to fused quartz and LH quartz, and for which once the 
polarized beam spot is perpendicular to the sample, changing the angles or side of sample 
does not change the interaction differences. Preliminary experiments with quartz crystal 
samples oriented in non-z directions also exhibit differences in lifetime measurements 
and are the topic of Chapter 5. 
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Figure 4.8.  DBES profile for LH quartz sample at 0°, 45°, 90°, or 135° under 
varied positron implantation energies. The ΔS plot compares the RH and LH 
chiral crystal data. The error is estimated to be 0.001. 
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Figure 4.9.  DBES profile for comparison of fused quartz, LH, RH 
 and its reverse side. The error is estimated to be 0.001. 
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4.5 PALS on chiral quartz 
4.5.1 Experimental 
PALS bulk measurements were performed using a conventional fast-fast 
coincidence method at 25 °C (Figure 4.10).  The time resolution of the spectrometer, 
measured using a 60Co source in the 22Na energy window settings, was less than 300 ps.  
Bulk PALS experiments were conducted as previously described; typically an experiment 
collected 2 × 106 data points, and 5-10 replicates were collected for analysis.  The 
intensity of the signal was approximately 100 – 150 cps for samples containing <70 Ci 
source. Bulk experiments conducted using 22NaCl sealed source in Kapton® films 
included a suitable source correction in the data analysis.  These experiments gave results 
that were consistent with the directly deposited open source experiments, exhibiting the 
same trends in lifetimes and intensities. 
 121 
 
 
 
 
Figure 4.10.  Representative bulk positron lifetime spectra of fused and 
 crystalline quartz samples (left). Inset:  bulk PALS sample schematic. 
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4.5.2 PALS results 
Since DBES results showed differential positron interactions with chiral quartz, 
we further studied bulk PALS of the LH and RH crystals to substantiate the observation 
of DBES and provide insight into the factors influencing differential positron 
interactions. 
 
4.5.2.1 PAS using sealed source 
After the surprising observation of a differential value in S-parameter from DBES 
measurements, we turned to bulk PALS analysis using Na-22 as the source of positrons 
in sealed source and directly deposited source experiments. Note that there is some 
inherent polarization in the beta radiation, approximately 80% emitted by 22Na [42-45]. 
Results for bulk PALS analysis of fused and crystalline quartz is presented in Table 4.1. 
For reference, a fused quartz sample was evaluated to match previous reports [28]; this 
sample yielded typical lifetimes and lifetime intensity data for amorphous glass quartz. 
The fused quartz yields a large fraction of I3 intensity, indicating the larger defect 
concentration in the amorphous structure. For bulk PALS analysis of the crystalline 
samples we pursued a variety of experiments. An intrinsic τ1 value for crystalline quartz 
was taken form Hyodo and Wada and fixed at 156.0 ps in the final analyses [40]. Using a 
22NaCl source, sealed in a thin Kapton® foil, In the bulk analysis, we focused on the 
evaluation of τ2 lifetimes. In the Table 4.1, we note a statistically significant difference in 
the values for τ2 and I2 for the RH and LH crystal enantiomorphs. The observed τ3 values 
are characteristic of those expected for quartz and, compared to fused quartz, a much 
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lower value of I3 is expected, as a result of the lower defect concentration expected for a 
crystalline sample. A set of samples cut from natural quartz crystals was also evaluated in 
this manner; the resulting I3 intensity for these samples is very small, and lifetime spectra 
were fitted to only two lifetimes in this instance. 
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Table 4.1.  Positronium lifetimes and intensities in quartz glass and crystal samples, 
using sealed and open positron sources (2 × 106 counts collected for each exp.). 
Sample τ1 [ps]a I1[%] τ2 [ps]b I2[%] τ3 [ps]b I3[%] 
Fusedc 156 30.1 ± 0.2 524.0 ± 9.1 24.8 ± 0.3 1607 ± 06 45.6 ± 0.3 
LHc 156 37.2 ± 0.5 368.1 ± 2.5 57.5 ± 0.4 1304 ± 22 5.3 ± 0.2 
RHc 156 33.5 ± 0.7 328.7 ± 2.0 62.8 ± 0.6 1498 ± 25 3.7 ± 0.1 
DDLHd 156 32.8 ± 0.8 319.4 ± 2.2 61.5 ± 0.6 650a 5.7 ± 0.2 
DDRHd 156 23.7 ± 0.8 290.4 ± 1.9 72.7 ± 0.7 650a 3.6 ± 0.2 
DDLHd,e 156 30.3 ± 1.2 304.2 ± 5.9 62.0 ± 0.9 605 ± 29 7.7 ± 1.5 
DDRHd,e 156 24.0 ± 1.3 293.8 ± 5.0 71.5 ± 0.9 628 ± 51 4.5 ± 1.3 
Natural LHc 156 92.4 ± 0.2 412.1 ± 4.9 7.6 ± 0.2 ---f --- 
Natural RHc 156 84.2 ± 0.3 357.7 ± 3.2 15.8 ± 0.3 --- --- 
a Values fixed following [40]. b The last digit should not be considered significant, but is 
included for comparison. c Using Kapton® sealed Na-22 source. d Using open source 
22NaCl, directly deposited. e The τ3 lifetime is included in fitting. f Fitting with a third 
lifetime resulted in ~ 0.1 % I3 and untenable τ2 values. 
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4.5.2.2 PAS using directly deposited source 
In order to eliminate the effect from the material sealing the source, crystalline 
samples were used in PALS experiments using directly deposited 22NaCl salt as the 
source of positron. In these experiments the trends in the data values match that of the 
sealed source experiments and the errors associated with the measurements are similar. 
Again, a significant difference in lifetime between that of the LH (319.4 ± 2.2 ps) versus 
the RH (290.4 ± 1.9 ps) and a difference in I2 on the order of 10% was observed. In the 
data shown τ3 has been fixed, again following prior work. The analysis of the direct 
deposit experiments with a fitted τ3 gave similar results in the measured intensities, 
though with larger attendant error, so a difference in τ2 lifetime is obscured. 
 
4.6 Data analysis 
Experiments with bulk PALS clarified the DBES profile somewhat regarding the 
relative values of S (i.e. the RH S-parameter is larger than the LH). First, we note that 
there is a difference in the τ2 lifetime and intensity (I2) which we associate with 
interactions with the lattice and free annihilation of the positron. The statistical 
significance of the differential intensity values, as well as the ratio of p-Ps versus o-Ps 
intensities further substantiate the validity of the experimental data. We propose that the 
positron is sensitive to the slight energetic difference in its lattice interactions with RH 
versus LH forms of quartz crystal, and take the current observation as being an example 
of stereorecognition. This phenomenon should be expected in other chiral crystalline 
samples, however, the physical origin of this asymmetric phenomenon is still under 
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investigation. Further, we speculate that the τ2 difference is related to the positron 
sensitivity to the slight energy differences in the RH versus LH crystal arising from parity 
violation due to weak force interactions [16, 17]. The related I2 difference may arise from 
preferential electron spin overlap [46] that gives rise to the formation of positronium and 
the annihilation event, or from other aspects of the asymmetric interactions. 
The present observation requires additional experimental and theoretical studies 
to fully explain, but points to a large number of further positron experiments including 
1D and 2D ACAR, 2D DBES, and the additional investigation of other chiral materials. 
 
4.7 Conclusion 
We have studied the interaction of the positron with chiral left- or right-handed 
quartz single crystals. In Doppler-broadening experiments, using a mono-energetic 
positron beam, there is a differential depth profile for positrons implanted in LH or RH z-
cut quartz as identified by a shape parameter (S). Further, in bulk positron annihilation 
lifetime spectroscopy (PALS) experiments, the lifetime (τ2) attributed to free annihilation 
of the positron interacting with the chiral lattice exhibits a larger value for the LH quartz.  
The associated intensity (I2) is also significantly different-RH quartz is 
consistently 10% greater than the LH crystal. The τ3 lifetime and its intensity, I3, 
attributed to positronium interacting with defects in the quartz, appear typical in PALS 
measurements of crystalline quartz. These observations may demonstrate chiral 
recognition using a positron annihilation technique, pave the way for a broad range of 
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positron experiments, and may help inform hypotheses of chirality recognition, selection, 
or induction by beta radiation. 
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CHAPTER 5 
PSITRON INTERACTIONS WITH CHIRAL QUARTZ 
 IN NON-Z DIRECTION 
 
5.1 Introduction  
Asymmetry is a structural phenomenon at many scales in the universe. In the 
previous chapter we noted that the property of chirality is important at the molecular 
scale for imparting unique characteristics to materials, and is a key aspect of biological 
recognition [1]. While chiral recognition and asymmetric molecular structural elements 
are especially prevalent in biological systems, chiral structures and properties also may 
be found in organic polymers, various mineral phases, and synthetic materials. Optical 
methods (polarimetry, circular dichroism, etc.) are usually employed in the analysis and 
characterization of chiral entities or reaction products, though recently X-ray and surface 
techniques (AFM, SEM, etc.) have also been implemented [1]. If the asymmetry of the 
molecular form is diastereomeric in nature, other physical techniques may be used to 
characterize, distinguish, and separate the different stereoisomers or forms of matter 
under investigation. To physically distinguish enantiomeric materials by non-optical 
means requires the provision of an asymmetric environment, or an asymmetric host. In 
addition to optical and x-ray studies of chiral matter, there has been a long-standing 
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interest in the interactions and reactions of particles (especially β– and β+) with 
asymmetric forms of matter [2-5]. 
The study of chiral matter using beta particles, specifically the positron (e+), has 
been of interest to researchers for some time [2-4, 6-10]. These studies, originating in the 
1950’s led to some experimental results in the 1970’s that purported to show asymmetric 
interactions between positrons and chiral molecules such as amino acids. Typically in 
these studies, the irradiation of racemic mixtures was studied to determine if there was 
any indication of enantioselective degradation of one chiral form versus the other, i.e. 
stereoselection. Follow up of these early experiments indicated little, if any, chiral bias in 
the interactions of particles and chiral forms of molecules [9, 10]. Studies had neutral or 
negative results in experimental systems where chiral matter has been investigated by 
positron techniques [2-10].  
 
5.1.1 Purpose and known properties of chiral crystalline studied in this work 
Reviewing early work by Jean and Ache [3] and the very recent gas-phase 
scattering study by Charii and coworkers [4] caught our interest in investigating polarized 
positron interactions with chiral matter. In the more recent gas phase study, the scattering 
of polarized positions was studied using both D and L forms of a chiral methyl ester in 
the gas phase. In this experiment, no special preference was exhibited in the total cross 
sectional scattering data for either enantiomer. Further review of polarized positron 
experiments suggested to us that a better approach would be to evaluate polarized 
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positrons [11-13] with chiral matter in such a way that gives an asymmetric interaction 
that might result in a differential measure of positron annihilation characteristics. A 
recent positive report in this direction utilized a polarized electron beam to investigate the 
chiral sensitivity of the electron induced dissociative ionization reaction of 
bromocamphor [5]. 
In selecting potential chiral materials, crystalline quartz came to the fore as an 
excellent material to study with positron experiments, since the enantiomorphs are readily 
available and can be compared to fused quartz [14-16]. After observing DBES and PALS 
differential positron interactions (Chapter 4), we turned to bulk studies of natural and 
synthetic LH and RH crystals in non-z orientations to further substantiate the observation 
and provide insight into the factors influencing differential positron interactions with 
chiral quartz. 
 
5.1.2 Chiral compounds synthesis and separation 
Quartz exhibits morphologically chiral crystals that can naturally exist in either 
dextrorotatory (D) or levorotatory (L) enantiomorphic forms [17-19]. On the surface of 
the earth, quartz grows in a chiral form at any temperatures lower than 570 ºC. For 
natural or synthetic hydrothermal quartz, the growth temperature is below this value. 
Silica, dissolved in a hydrothermal solution or as molten silica, will crystallize and form 
chiral quartz. Under optimal conditions, the quartz crystal will grow slowly with flat 
faces. The geometric arrangement of those faces reveals if the specific crystal is left- or 
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right-handed. In 1848, Louis Pasteur resolved a crystalline racemate using tweezers to 
separate left and right-handed crystals [20]. Most chiral compounds crystallize into 
racemic crystals, only a small portion of chiral substances (~10%) can crystallize as 
conglomerates and grow into homochiral crystals. In certain conditions, two homochiral 
crystals can redissolve and form a racemic solution. It has been speculated that chiral 
quartz is the source of chirality for the first chiral organic molecule formed [21], and 
chiral organic molecules with high enantiomeric excess have been synthesized using 
chiral quartz as catalyst [22]. 
 
5.1.3 Chirality in two dimensions 
In chiral quartz, surfaces play an important role in chirality in two dimensions, for 
example, two distinct enantiomers that confined to a plane or surface, can be 
interconverted by parity. However, they cannot be converted by any rotations within the 
plane about an axis perpendicular to that plane. In contrast, the parity operation two 
dimensions is no longer equivalent to an inversion through the coordinate origin as in 
three dimensions since the parity would not change the chirality of the two coordinate 
axes [23]. For example, if a plane consists of x and y axes with z axis is perpendicular to 
the plane, then the parity operation could yield either -x, y or x, -y, which are same as 
mirror reflections across lines [24]. 
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5.2 Experimental 
5.2.1 Natural quartz  
A series of natural quartz samples were purchased from local supplier (Figure 
5.1), quartz was then etched by hydrofluoric acid (HF) to determine the ‘handedness’ of 
the crystal. HF solution was used in this work to etch the raw minerals for 8 hours. Etch 
figures produced by HF on these faces indicate the chirality of that crystal. Microscopic 
observations of the etch marks indicate the left and right-handed quartz (L and R, 
respectively, Figure 5.1) [25].  
Two smoothest (flat and clean surface) faces of RH and LH samples were washed 
and polished for the PALS experiment (polished by 1 µm, 0.3 µm and 0.05 µm wheels 
for 30 mins each). One small piece of quartz was then cut perpendicular to the z direction 
and observed by polarized microscopy to confirm the chirality. Left handed and right 
handed quartz in non-z direction faces were then marked as A to F. The A, D and F faces 
were chosen for PALS experiments and corresponding analysis. For LH and RH samples, 
the same faces were aligned parallel and a 22NaCl source was fixed between the faces as a 
sandwich shaped sample package. 
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Figure 5.1.  Cut samples of chiral quartz samples: LH (left) and RH (right). 
 
PALS bulk measurements were performed using a conventional fast-fast 
coincidence method at 25 °C. The time resolution of the spectrometer, measured using a 
60Co source in the 22Na energy window settings, was less than 300 ps. Bulk PALS 
experiments were conducted as previously described; typically, an experiment collected 2 
× 106 data points, and 5-10 replicates were collected for analysis. The intensity of the 
signal was approximately 100 – 150 cps for samples containing <70 Ci source. Bulk 
experiments conducted using 22NaCl sealed source in Kapton® films included a suitable 
source correction in the data analysis as shown in Figure 5.2. These experiments gave 
results that were consistent with directly deposited, open source experiments, exhibiting 
the same trends in lifetimes and intensities. 
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Figure 5.2.  22Na positron source placed between to identical non-z faces. 
 
5.2.2 Synthetic quartz (cube) 
A series of seedless quartz samples (10  10  20 mm3 with error ± 0.1 mm) were 
purchased from company supplier (Figure 5.3), small surfaces (10  10 mm2) was 
inspection polished and other surfaces are fine ground. The z-axis is at 90º to the polished 
faces. Quartz samples were then cut perpendicularly to the z direction and observed by 
microscope to confirm the chirality (L and R, respectively, Figure 5.3) [25]. All surfaces 
of both RH and LH samples were cleaned with ethanol for the PALS experiment. Left 
handed and right handed quartz in non-z direction faces were then marked as L1 and L2. 
For LH and RH, same faces, for example, L1 and L1 were aligned parallel and a 22Na 
source was fixed between the faces as a sandwich shape to run PALS and corresponding 
analysis. 
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Figure 5.3.  Synthetic chiral quartz of LH (left) and RH (right) for PALS. 
 
PALS bulk measurements were performed using a conventional fast-fast coincidence 
method at 25 °C. Bulk PALS experiments were conducted as previously described; for 
cube samples, due to the thickness of the samples, a strong intensity source was used to 
get a same count rate as PALS for natural quartz. Two million data points in the region of 
interest and 5-10 replicates were collected to reduce random error. The intensity of the 
signal was approximately 120 cps for samples containing <90 µCi source. Three bulk 
experiments conducted using 22NaCl sealed source in Kapton® films included a suitable 
source correction in the data analysis as shown in Figure 5.4. 
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Figure 5.4.  Schematic of PALS experiments for synthetic quartz in non-z directions. 
 
5.3 PALS results for natural and synthetic quartz 
5.3.1 Natural quartz in non-z directions  
Tables 5.1-5.3 show all lifetimes of chiral quartz with unfixed or fixed para-
positronium lifetime (p-Ps, τ1). Unsuitable data were screened by constraining the 
variance (< 1.2) and average values were obtained from at least four experimental sets 
data to ensure the data quality. As can be seen from the ortho-positronium lifetimes (o-
Ps, τ3) and the intensities, the τ3 (2.0 ns - 4.0 ns) can not be applied as a method of 
characterization of free volume due to the large fluctuation. Additionally, the distribution 
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of lifetime - I3, is lower than 0.3% which is negligible compared to the I1 and I2, so using 
two lifetimes to interpret the interaction of the microstructure with positron might get a 
precise conclusion. For all three faces of LH and RH, the unfixed lifetime (no matter 
using two or three lifetimes to analyze them) gives a view of slight difference of τ1 
meanwhile τ1/I1 reduce to a certain extent (0.05 ns decrease for τ1 and 7 % decrease for 
I1), nevertheless, fixing τ1 could directly affect τ2 between LH and RH which make the 
difference more clear (the disparity expands to 0.2 - 0.3 ns ). Although another fixed τ1 = 
0.156 ns was introduced to check the interaction change of τ1/I1and τ2/I2, the lifetime data 
from fixed τ1 = 0.156 gives relative large errors in variance. The fixed value of 0.156 is 
from the literature [15]. 
Different apparatus may cause about 0.03 ns difference; also when τ1 was not 
fixed, all τ1 display a smaller value 0.08 ns which is close to 0.125 ns, this can confirm 
why fixed τ1 = 0.156 ns produces large variations. Table 5.5 and 5.6 demonstrate the 
same trends of observed difference in the value of τ2 (the difference of τ2 of LH and RH) 
were found in all A, F faces, τ2 of LH has an obviously larger value than τ2 of RH, and 
the I2 of LH has a 10% difference with I2 of RH. However for D faces, the difference in 
the value of τ2 and I2 of LH and RH exhibit reversed trends compared with z direction 
(Table 5.7), this contradiction maybe due to inaccurate τ3 of LH-D when τ1 value was 
fixed.  
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Table 5.6 and 5.7 gives a comparison of data of z direction and non-z direction. 
The τ1 of LH and RH were fixed with 0.125 ns to eliminate resolution effect from the 
instruments and concentrate on the comparison. The τ3 of z direction was obtained from 
artificial chiral quartz, while all the non-z direction data were took from natural 
crystalline quartz. The synthesized quartz may explain why significant τ3 presents in z-
cut. If τ3 was kept, increasing the fixed τ1 to 0.156 ns will slightly change the τ2 but not 
very much (0.009 ns compared with change of 0.2 ns for non-z direction quartz). Two 
lifetime analyses of Z-cut quartz were not shown due to the negative intensities or 
untenable values of τ2. Overall, the difference in the value of τ2 in LH and RH exists in 
all faces in the quartz. Improving the resolution of the apparatus and optimizing system 
stability will be future goals. 
 
5.3.2 Synthetic quartz in non-z direction 
5.3.2.1 PATFIT analysis 
Tables 5.8 and 5.9 show all lifetimes of seedless chiral quartz with unfixed or 
fixed para-positronium lifetime (p-Ps, τ1). Unsuitable data were screened by constraining 
the variance (to be < 1.2) and average values were obtained from at least four 
experimental sets data to ensure the data quality. As can be seen from the ortho-
positronium lifetimes (o-Ps, τ3) and the intensities, the τ3 (2.0 ns - 4.0 ns) can not be 
applied as a method of characterization of free volume due to the large variation. By 
comparing the τ3 value of synthetic and natural quartz (Chapter 5.3.1), the synthetic 
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quartz has much more defect-free structure with less defects. In table 5.8, for all three 
faces of LH and RH, the unfixed lifetime method (three lifetime analysis) gives a view of 
noticeable difference of τ1 between LH and RH, meanwhile all τ2 of LH have a large value 
than τ2 of RH in z directions, while I2 of non-z in LH and RH are too close to provide the 
information of stereorecognition. Nevertheless, τ2 of non-z directions in LH or RH has a 
small variances (0.008 ns for L1 and L2, 0.003 ns for R1 and R2). Taking consideration 
of errors and resolutions, it is hard to show any differences of positron annihilation in 
non-z directions of LH or RH without fixing τ1. While fixing τ1 could directly affect τ2 
between LH and RH, making the difference more clear (the disparity expands to 0.2-0.3 
ns). Although another fixed τ1 = 0.156 ns was introduced to check the interaction change 
of τ1/I1and τ2/I2, the lifetime data from fixed τ1 = 0.156 gives relatively large errors in 
variance. 
In table 5.9, when τ1 is fixed, the all τ2 of LH display a larger value (about 0.04 
ns) and are close to 0.300 ns, whereas all τ2 of RH gives a smaller value ( close to 0.275 
ns). The value of τ2 in Table 5.9 demonstrates the same trends of observed difference in 
the value of τ2 (the difference of τ2 between LH and RH) were found in natural quartz A 
and F faces; τ2 of LH presents a larger value than τ2 of RH, and the I2 of LH has a 5% 
difference with I2 of RH. However, for both non-z faces of LH and RH, regardless of 
fixed or non-fixed τ1, the difference in the value of τ2 and I2 of LH and RH exhibit no 
clear trends compared with z direction, this contradiction is possibly due to polarized 
positron having similar interactions in non-z orientations. 
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Table 5.10 gives all lifetimes of seedless chiral quartz with fixed para-
positronium lifetime (p-Ps, τ1) with a channel width of 43 ps. The τ1 of LH and RH were 
fixed with 0.165 ns to eliminate resolution effect from the instruments and concentrate on 
the comparison. Two lifetime analysis of z-cut quartz was not shown due to the negative 
intensities or untenable values of τ2. It is surprising to find that the difference in the value 
of τ3 in LH and RH disappear in all faces in the quartz. The difference in the value of τ2 
and I2 in non-z directions of LH and RH exhibit reversed trends compared to the results 
from broad channel width (Table 5.8 and Table 5.9); for z-directions, τ2 and I2 are 
compressed to be same: 0.333 versus 0.337ns and 73.41 versus 74.29% respectively. One 
interesting point in reducing the channel width is the slight effect on changing the I2. One 
possibility is shrinking the window setting only suppressing and attenuating the lifetime 
signal, whereas keeping the relative intensities. All width settings can be tuned and 
calibrated using standard material and certain source. 
 
5.3.2.2 MELT analysis 
Figure 5.5 depicts the Ps lifetime distribution for synthetic quartz on z face of LH 
and RH crystals using the MELT program [26]. Values of τ1 and τ2 are displayed in Ps 
lifetime range from 0.1 - 0.5 ns and τ3 (lifetime of o-positronium) was not shown since its 
intensity is negligible comparable to τ1 and τ2 consistent with the PALS results (Tables 
5.1 and 5.3). Since the MELT program cannot fix the value of τ1 and the values of τ1 of 
LH and RH in MELT spectra are too close to distinguish, the method of constraint of τ1 in 
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PALS analysis is feasible. The τ2 value of LH in z direction is larger than τ2 of RH while 
the value of τ2 for mixed the LH and RH locates between τ2 of LZ and RZ. 
 
Figure 5.5.  Ps lifetime τ2 from MELT program for synthetic quartz on z face 
of LH, RH and mixed LH/RH crystals. τ3 was not detectable compared with τ2. 
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Figure 5.6.  Comparison of Ps lifetime τ2 from MELT for synthetic LH and RH quartz 
with respect to non-z faces (L1, L2 and R1, R2 respectively. 
 
Figure 5.6 shows Ps lifetime distribution from PDF analysis for synthetic LH and 
RH chiral quartz in non-z directions. The τ2 of L1 and L2 as well as R1 and R2 are 
compared in a lifetime range 0.1 to 0.5 ns. Due to polished and smooth surface, τ1 that is 
attributed to positronium annihilation on the surface is dramatically reduced compared to 
τ1 of natural quartz. τ2 represents positron interactions with the lattice structure. From 
MELT results, it can be seen that τ2 of non-z directions present differently and that the 
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intensity of τ2 for LH in any non-z orientations are larger than the value of τ2 for RH in 
both non-z directions. For both LH and RH quartz, the intensities of τ2 in non-z directions 
are close except for intensity of R2, which may be due to its broad distribution. It’s also 
hard to evaluate τ2 differences for different orientations in the same quartz. 
 
Figure 5.7.  Comparison of Ps lifetime τ2 from MELT for synthetic quartz with z, L1, L2 
faces for LH chiral quartz, which repectively, denote the z and non-z faces. 
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Figure 5.8.  Comparison of Ps lifetime τ2 from MELT for synthetic quartz with z, R1, R2 
faces for RH chiral quartz, which repectively denoted the z and  non-z faces. 
 
Figure 5.7 and 5.8 present Ps lifetime distribution from PDF analysis for synthetic 
quartz z and non-z faces for LH and RH quartz (τ3 was not detectable compared with τ2). 
The τ2 of LZ, L1 and L2 as well as RZ, R1 and R2 are compared in a lifetime range 0.1 to 
0.4 ns. τ2 are shown in the figure might providing the information of positron interactions 
with the lattice structure. Due to the seedless recrystallizing process, perfect lattice 
structure of the quartz generates a very small amount of defect, thus the intensity of τ3 is 
less than 1%, which is hard to probe by MELT (not shown in the figures), but is 
consistent with the results of PATFIT. From MELT results, it can be seen that τ2 of z and 
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non-z directions show differently, whereas it’s noticeable that the intensity of τ2 for both 
LH and RH in z orientations are larger than the value of other 2 directions. Again the 
intensities of τ2 in non-z directions of both LH and RH quartz are close even though the 
values have slightly difference and the distribution of τ2 for LH is broad than of τ2 for LH, 
this indicates lifetime and intensity show differentially in free positronium annihilation 
for LH and RH quartz crystals. 
 
5.4 Conclusion 
In the previous chapter, we reported a large difference in ‘free positron’ 
annihilation lifetime and intensity between samples of LH and RH quartz single crystals. 
A well-studied asymmetric crystalline material is α-quartz, which has a helical structure 
associated with its crystallographic z-axis. In this chapter, we additionally investigated 
two further sets of α-quartz (natural versus synthetic quartz) in z and non-z orientations 
using PALS to confirm asymmetric interactions and to compare the different orientations. 
As before, we observed significant lifetime τ2 and intensity I2 differences in free positron 
annihilation for LH and RH quartz crystals. The trend was also found to be the same for 
the similar crystallographic orientations of LH or RH crystals; that is, the direction of 
incident positrons, z or non-z, did not affect the observed differences in lifetime and 
intensity trends. The results are attributed to differential interactions of positronium with 
the asymmetric lattice structures of LH and RH quartz. This result may point to the 
positron or positronium species being sensitive to the small electroweak energy 
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difference between the asymmetric enantiomorphs of quartz. The results may be 
considered an example of particle stereorecognition and helps us understand the 
interactions of energy and particles in asymmetric substances. 
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CHAPTER 6 
CONCLUSIONS AND FUTURE WORK 
 
6.1 Conclusions 
The DBES coupled with a mono-energetic positron beam and bulk PALS was 
developed to study free volume in amorphous structures of polymers and lattice structure 
in chiral crystals at the University of Missouri-Kansas City. Correlations between the 
change of free volume parameters and physical structure of samples was observed. The 
shape parameter (S) from DBES and positronium lifetimes from PALS can be used as a 
set of parameters to quantitatively indicate the interaction of polarized positrons with 
chiral quartz crystals. 
Three amorphous polymers, polycarbonate (PC) and polymethylmethacrylate 
(PMMA) and hierarchical nanoporous polystyrene (PS, not introduced in this work), 
under different environmental conditions (pressure, vacuum) were studied by PALS as a 
probe. Based on the PALS analysis, it is clear the PC and PMMA in the unstressed state 
exhibit different levels of fractional free volume; PC has a higher fractional free volume 
than PMMA, which might contribute to the high fracture toughness of PC compared to 
PMMA under quasi-static conditions. Comparing the PALS results of the bulk and 
pressure-dependent experiments, we demonstrated that the relaxation of the free volume 
holes at ambient condition must happen at a relatively fast rate. The removal of the stress 
resulted in the free volume relaxation in the polymer samples. The alignment of the 
polymer chains and free volumes impose molecular restrictions on the molecular mobility 
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of both PC and PMMA in their glassy state [1]. For hierarchically porous polymers, 
PALS presented insight into micro- and mesoscopic void volume differences between 
porous monoliths containing either tert-butyl or trimethylsilyl-modified styrenic 
monomers compared to the parent, unmodified styrene. The data support a view that the 
polymeric structure includes connectivity between polymer free volume and micro-pores 
and between micro- and mesoscale voids [2]. 
Chiral left- or right-handed quartz crystals were studied by DBES and PALS; a 
difference was observed in the interaction of polarized positrons with the two chiral 
forms of quartz crystals, or with natural and synthetic quartz in various orientations [3]. 
In DBES experiments, using a mono-energetic positron beam there is a differential depth 
profile for positrons implanted in LH or RH z-cut quartz as identified by the observed 
shape parameter (S). Additionally, in bulk PALS experiments, the lifetime (τ2) attributed 
to free annihilation of the positron, interacting with the chiral lattice, exhibits a larger 
value for the LH quartz, and the associated intensity (I2) is also significantly different: 
RH quartz is consistently 10% greater than the LH crystal. The S parameter from DBES 
and the free volume content obtained from PALS are systematically lower in synthetic 
quartz compared to natural or amorphous quartz due to the less defect in the lattice 
structure. 
Two different sets of α-quartz (natural versus synthetic quartz) in z and non-z 
orientations were investigated using PALS to confirm asymmetric interactions in 
different orientations [4]. Significant lifetime τ2 and intensity I2 differences were also 
obtained in free positron annihilation for LH and RH quartz crystals. The trend was found 
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to be the same for the similar crystallographic orientations of LH or RH crystals; that is, 
the direction of incident positrons, z or non-z, did not affect the observed differences in 
lifetime and intensity trends. The results of PALS of both natural and synthetic quartz in z 
direction are attributed to differential interactions of positronium with the asymmetric 
lattice structures of LH and RH quartz. The results could be considered as an example of 
particle stereorecognition and will help us understand the interactions of energy and 
particles in asymmetric substances. 
 
6.2 Future work 
Future work will focus on expanding upon the small amount of research that 
currently exists regarding the interaction between beta radiation and organic chiral 
compounds. To test any difference in the interaction between positrons and crystalline 
chiral organic compounds and to develop mechanistic hypotheses. This work will be 
divided into three steps: crystallization of amino acid crystals; stereorecognition 
experiments of organic crystals using PALS; and application of momentum techniques 
(DBES and ACAR) on organic crystals. 
 
6.2.1 Crystallization of additional chiral samples 
In order to establish for the first time that crystalline organic enantiomorphs exhibit 
differences under PAS techniques, chiral and achiral amino acids with their salts will be 
analyzed with PALS and other analytical techniques. Alanine (Figure 6.1) is a nonpolar 
aliphatic α-amino acid that provides energy for organs such as the brain and central nervous 
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system, and is also highly active in the immune and metabolic systems of the human body 
[5]. It has one of the most simple amino acids structure, containing only a methyl group as 
side chain along with its typical α-carboxylic acid group. The importance of the amino acid 
D/L-alanine in the quest to understand molecular structure and function has been 
previously described in literature [6]. Crystallization of alanine is one of the key steps used 
for the purification of this amino acid in the pharmaceutical manufacturing processes [7]. 
 
 
Figure 6.1.  Structures of L-alanine (left) and D-alanine (right). 
 
Aspartic acid (Figure 6.2) is one of the 20 proteinogenic amino acids that are 
commonly found in biosynthesis of proteins. It contains an α-amino group, an α-
carboxylic acid group, and a side chain CH2COOH group. It is proposed to be one of the 
most abundant amino acids on the early earth and can be crystallized separately as D- or 
L-enantiomorphs under ambient temperature [8, 9]. Aspartate has been extensively 
studied to explain why life exclusively utilizes left-handed amino acid configuration. 
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Figure 6.2.  Structures of L-Aspartic acid (left) and D-Aspartic acid (right). 
 
Thin chiral films of L- or D-crystals will be grown in water or water/ acetone 
solution on the silicon or other suitable substrates. These chiral films will be also utilized 
as crystallization catalysts in the crystallization of enantiomers from solutions. 
 
6.2.2 Stereorecognition of organic crystals using PALS 
Previous papers dismissed solid phase beta irradiation as too error prone due to 
defects in the crystal lattice which would give inconsistent results [10]. This assumption 
may be the opposite of what the original researchers thought, considering that gas phase 
and powdered forms of any substance are much more disorganized than a single crystal 
state. The key to this experiment will be UMKC’s positron beam and, using positron 
radiation that is polarized to a high degree. Another future research is to find evidence for 
the different interaction of positrons with organic chiral enantiomorphs using bulk PALS 
experiments. Due to the buildup of charge on the surface of the sample and to better 
detect the lattice structure of the crystal, samples on the substrate of silicon are shown in 
Figure 6.3. 
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Figure 6.3.  Implantation of positron into a thin layer of chiral crystals on Si. 
 
6.2.3 Momentum distribution 
As mentioned in previous chapters, angular correlation of annihilation radiation 
and Doppler-broadening energy spectroscopy provide information on the electron 
momentum distribution in target samples under investigation through measurements of 
the momentum density of the electron-positron annihilating pairs [11]. Determination of 
the kind and concentration of defects in the sample are in principle also possible with 
ACAR, which has a much better momentum resolution than the Doppler-broadening 
technique and can be applied to the study of the electron structure in the bulk and defects 
of materials.  
A 2D record of the momentum distribution is also favorable for comparing with 
theoretical calculations and Figure 6.4 and 6.5 are typical schematic diagrams of two 
planned ACAR experiments. 
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Figure 6.4.  A 2D-ACAR geometry. 
 
 
Figure 6.5.  Schematic diagrams of planned 2D-ACAR experiments 
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The future work will point to another direction to study the stereoselectivity and 
determine the experimental differences under PAS techniques. It may be possible to 
deduce a stereoselection mechanism to explain why crystalline organic enantiomorphs 
exhibit differences based on PAS experimental results. Hypotheses of chirality 
recognition, selection, or induction by beta radiation will also be proposed as potential 
future research projects. 
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